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In the field of coastal engineering, understanding the physical processes of sea bottom 
change is believed to be one of crucial works. The seaward limit of beach profile 
variability (called depth of closure) based on wave processes and sand characteristics is 
necessary to be examined for many research activities in sandy coast (Hallermeier, 1981; 
Kraus et al., 1998). In general, the method to determine the depth of closure had already 
been introduced in the past and divided into two main approaches. The former one 
analyzes specific patterns and magnitude of profile changes from monitored data which in 
detail is the time series repetitive profile surveys. However, the accuracy of the 
bathymetric surveys depends on the conducted survey methods (Birkemeier et al., 1981). 
Beaches are extremely dynamic environments of changes in morphology and constantly 
influenced by the impact of waves; the latter one, therefore, qualitatively applies 
empirical calculation. In all, these studies were firmly grounded on the idea of a 
representative value of the depth of closure for a region. In reality, seasonal variations of 
wave climates and beach change patterns are also necessary to take into account owing to 
its influences on the maximum seaward depth of sea bottom elevation changes. For these 
reasons, instead of obtaining the single depth of closure for a region as an ordinary 
method, which may not be appropriate to apply to the beaches experiencing seasonal 
monsoon climate, this study proposes and clarifies the necessity of  determining the 
seasonal or monthly depth of closure considering the influence of seasonal waves.  
At first, a study area which has experienced by seasonal wave climate should be taken 
into account. Therefore, Nha Trang Coast, located in South Central Vietnam and 
immensely influenced by tropical monsoon climate, is taken to be a case study and its 
morphological change has been analyzed. Interpretation of over 3.5-year time series of 
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the fifteen-minute time-averaged images taken by a video-camera monitoring technique 
permits to distinguish the retreat and the advance of shoreline which appear to be 
especially sensitive to the seasonal variation of wave characteristics. Then, EOF 
(Empirical Orthogonal Function) analysis is utilized to assess the dominant pattern of 
shoreline variability on Nha Trang Coast, and found that seasonal longshore variation 
process in response to seasonal waves is obviously one of the most important features of 
this coast. Besides, most of the seasonal shoreline variability can be reasonably 
reproduced by the first EOF component (with 89% of contribution rate). Due to the effect 
of seasonal waves, the significant wave height and the associated wave period according 
to each monsoon season have been investigated for identifying the relevant depth of 
closure. To be more specific, the 0.137% exceedance probability of significant wave 
height for the northeast monsoon season is slightly different to that in case without 
seasonal change. On the contrary, during the non-monsoon season, the distinct difference 
is unambiguous because the calm waves from east-southeast have been collected by 
removing the high northeast monsoon waves for investigation, and then a more accurate 
depth of closure for the calm wave period has been determined. Similar descriptions are 
for investigation of the monthly depth of closure to minimize the sudden change of the 
seasonal depths at the transition months. In greater detail, because of the periodical 
shoreline response to seasonal waves, a considerable seasonal variability of longshore 
sand transport is also obviously found on Nha Trang Coast, with beach erosion in relation 
to the southward sediment transport mainly during the period of strong northeast 
monsoon waves and deposition relating to the northward sediment movement occurring 
during the calmer weather in the non-monsoon period. The comparison for the rates of 
longshore sediment transport shows that its quantities in the non-monsoon period are 
overestimated by using a constant value of the depth of closure. Consequently, the depth 
of closure varying seasonally and monthly are more effective variables for predicting the 
quantity and direction of net longshore sediment transport with deposited beach condition 
in the southern coast.  
In addition, in order to test the predictive capability of morphological change in each 
case of the depth of closure, a numerical modelling for investigating interaction between 
waves, sediment and structural variables in the trend of shoreline change is conducted. 
The calculated shoreline in the 4-year simulation is compared to the measured shoreline, 
which is extracted continuously based on a 40-month time series of video-camera image 
data. The results show that the single depth of closure underestimates the shoreline 
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position, i.e. the calculated shoreline cannot reach to the real positions. Conversely, the 
calculated shorelines using seasonal and monthly depth of closure have good agreements 
with the measured shoreline. In which, the seasonal variation of shoreline position, 
especially the beach recovery process, is well reproduced. Based on the above results, the 
present study also leads to the following recommendations. Due to the continuous 
extracting shoreline data from the video-camera system, the relationship between 
morphological change, waves, winds and other factors can be described clearly. Moreover, 
the applicability of the surf zone width extracting from video-camera images for 
estimating the depth of closure is tested and can be useful to apply in other coastal areas. 
For coastal engineering application, an ordinary method to obtain the single depth of 
closure only based on the 0.137% largest waves of the entire period is merely appropriate 
if the fluctuations of wave characteristics in the entire period are not obvious with 
seasonal and monthly trends every year. The proposed approach to determine the depth of 
closure corresponding to each monsoon wave condition could be easily applied in 
engineering. At least, this approach is obviously necessary to apply in the coastal areas, 
which have similar characteristics (e.g., the seasonal beach bounded by two groins or 
headlands). Furthermore, because the information related to the river mouth (e.g., river 
discharge) in the present study area is missing, the scope of the present investigation did 
not allow for adding the features of this river mouth in the calculation process. However, 
for further development, it is necessary to improve that by investigating the sediment 
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1.1 Background of research 
 The development of socio-economic activities in regions along the coastlines, 
dividing land from sea, is an inevitable trend in many countries in the world. However, 
the increasing development of coastal areas is facing with persisting erosion and accretion 
problems. Therefore, it is essential for comprehensive coastal zone management as well 
as erosion countermeasures to have a reliable prediction of coastal morphological change. 
As a vital step in the prediction process, the seaward limit of significant sediment 
transport called depth of closure is required as one of the key parameters (Hallermeier, 
1981; Kraus et al., 1998).  
Normally, the determination of the depth of closure (Dc) can be divided into two main 
approaches. The first one analyzes profile changes from monitored data which in detail is 
the time series repetitive profile surveys, but in reality, it is difficult to obtain a complete 
and consecutive profile data collection because the field measurements are limited largely 
by time and costs for relevant work. Moreover, the accuracy of the bathymetric surveys 
depends on the conducted survey methods (Birkemeier et al., 1981).  
Because beaches are extremely dynamic environments of changes in morphology 
within a timescale ranging from nearly instantaneous to seasonal or longer and they are 
constantly influenced mainly by the impact of waves, the researchers believe that the 
depth of closure can be predicted based on wave characteristics; thus, several relevant 
empirical equations exist for simulating this depth as the second approach. In general, 
studies are firmly grounded on idea that the depth of closure represents for a region would 
be larger twice a maximum annual significant wave height (Hanson, 1989) or the result of 
beach erosion generated by the highest waves which would be the significant wave height 
occurred only 0.137% of the time (Hallermeier, 1981; Birkemeier, 1985). However, there 
are several remaining limitations in this idea that can be (i) the predicted deeper depth 
with increased observation duration (Nicholls et al., 1998), (ii) the existence of its 
longshore variation (List et al., 1997; Hinton and Nicholls, 1998; Francois et al., 2004), 
and (iii) its overestimation for periods of calm wave conditions. 
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The evaluation of the depth of closure with respect to seasonal changes has not been 
carried out in many studies. The reason for the limited success of the previous studies 
could be the limitation of available survey data set to the capability of fully investigating 
the depth of closure variation over a long period of time. Although a more accurate 
empirical formula was improved by Birkemeier (1985) from Hallermeier (1981) equation 
based on higher quality field data, wave measurements and repetitive beach profile lines 
were merely surveyed in winter season which seems to generally characterize for slight 
differences of wave characteristics, namely, monthly significant wave heights range 
approximately from 0.9 m to 1.04 m. Therefore, the only use of a significant wave height 
exceeded with a probability of 0.137% to determine a constant value of depth of closure 
as proposed by Hallermeier’s and Birkemeier’s studies did not consider calmer wave 
conditions during summer season separately. Despite existing the limits, the latter studies 
showed the reliability in predicting this depth based on their definition. For example, a 
research concerning on the depth of closure determination (Nicholls et al., 1998) used 12 
years bathymetry data to evaluate accretion/erosion phenomenon and then demonstrated 
the reasonable predictability of these empirical formulas. Since then, in a normal way, the 
predicted depth of closure based on only an extreme wave condition as described above 
would be commonly applied in coastal areas which have similar characteristics. But a 
similar point of those studies above should be noticed that impacts of seasonal variation 
of wave characteristics were not obvious, i.e. seasonal longshore variation of coastal 
morphology in response to seasonal waves was not an important feature of their study 
sites. On the other hand, from profile lines surveyed by Birkemeier (1985), closure 
locations and depths varied monthly can be observed despite its slight variation. 
Therefore, a question that needs to be prompted whether their proposed approach is still 
reliable for the coastal area of seasonal influences. 
In all, due to data limitations, together with the necessity to have an appropriate 
coastal area in which periodical shoreline response to seasonal waves as a most vital 
feature, the third limitation as presented above has been only mentioned as a limit for 
further researches to demonstrate whether it is really necessary to estimate the depth of 
closure for the periods of calm wave conditions and apply its result in engineering. 
Consequently, this study aims to clarify these existing issues. Of course, a study area of 
obvious seasonal influences, Nha Trang Coast, South Central of Vietnam, will be taken as 
a case study.      
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1.2 Objectives of study 
 The main objectives of this study are to clarify the necessity and the approach in 
determining the depth of closure considering influences of seasonal waves in order to 
improve the more accurate prediction of longshore sediment transport in simulating 
seasonal shoreline change. The specific objectives of this study can be summarized as 
follows: 
1. Analyzing the characteristics of periodical shoreline variation which 
emphasizes influences of seasonal waves based on the analysis of continuous 
video-camera images and EOF analysis.   
2. Determining the depth of closure based on the analysis of the seasonal change 
of wave conditions. 
3. Analyzing differences in sediment movement mechanism with- and without-
consideration of seasonal changes in the depth of closure. Assessing whether 
the constant depth of closure as an ordinary method can be an effective 
variable for predicting the quantity and direction of (net) longshore sediment 
transport. 
4. Performing a numerical simulation of shoreline change using governing 
equation of one-line model theory to validate the idea of considering seasonal 
changes in the depth of closure. 
 
1.3 Outline of the dissertation 
The dissertation consists of eight chapters, which can be outlined as following: 
Chapter 1: Introduction  
This chapter presents the background and the importance of this study, and the 
objectives are also included.  
 
Chapter 2: Literature review 
This chapter provides a review related to this study based on the existing literature in 
terms of coastal morphology response to seasonal wave conditions; shoreline change 
analysis through satellite images and video-camera monitoring system; Empirical 
Orthogonal Function (EOF) analysis; the depth of closure concept and its practical 
application in predicting shoreline change model based on conservation of the sediment 




Chapter 3: Study area, data collection and methodologies 
 The conditions of study area and its relevant data collection, especially the 
dominance of seasonal wave characteristics, are explained in this chapter. Besides, this 
chapter also includes the methodologies for analyzing satellite images and video-camera 
images, for extracting the feature of shoreline evolution by using EOF analysis, and for 
numerical simulation of shoreline change.  
 
Chapter 4: Characteristics of periodical shoreline response to seasonal waves on 
Nha Trang Coast 
This chapter reveals the morphological changes at the river mouth and a sandy beach 
on Nha Trang Coast. In which, severe erosion occurs on a part of the coast. Therefore, a 
video-camera system was installed there, and then the continuous camera images 
monitoring have been performed over 3.5 years and the detailed investigation about the 
periodical shoreline variation, especially seasonal mechanism of beach erosion, is 
analyzed from the relationship between waves and wind climate. Following that, analysis 
of seasonal longshore variation using EOF method is also conducted. 
 
Chapter 5: Estimation of depth of closure considering influence of seasonal waves 
In this chapter, the application of seasonal wave characteristics to identify the depth of 
closure is explained. In which, the existing studies proposed that the depth of closure on 
the open coast is the result of beach erosion generated by the largest waves which would 
be the significant wave height occurred only 0.137% of the time even if the entire period 
can be experienced by the strong and the calm wave conditions. However, it is 
appropriate only if the used wave height is slightly different in the entire period. 
Consequently, this chapter presents the further development from the ordinary method to 
determine the depth of closure in considering the distinct characteristics of seasonal 
waves between both monsoon seasons.  
 
Chapter 6: Seasonal variation of sediment movement on Nha Trang Coast 
Based on the shoreline data extracted from camera images in Chapter 4 together with 
the computed depths of closure in Chapter 5, this chapter analyzes the seasonal 
mechanism of longshore sediment transport on Nha Trang Coast. Besides, in order to 
clarify effect of seasonal waves, the net longshore sediment transport rates have been 
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computed based on the seasonal and monthly depth of closure and found that the 
mechanism of sediment movement is distinct from the case of using single depth. 
 
Chapter 7: Numerical simulation of shoreline change 
In this chapter, a numerical modeling for shoreline change prediction is conducted 
based on the change of depth of closure corresponding to each monsoon condition. The 
capability in reasonably reproducing shoreline in response to seasonal waves is observed 
in the cases of using seasonal and monthly depth of closure, while the single depth 
underestimates the coastal recovery process.   
 
Chapter 8: Conclusions and recommendations 
In this chapter, the overall conclusions of this study and the recommendations for 












2.1 Coastal morphology change effected by seasonal waves 
As generally known, wave contributes a great impact on morphological variation. The 
wave parameters as breaker wave height, breaker angle, longshore current velocity and 
surf zone width play a leading part to control the nearshore processes. Some earlier 
studies have indicated the importance of wave parameters to examine the sediment 
transport rate and surf zone dynamics (Bijker, 1971; Tillotson and Komar, 1997). The 
major generating force for waves is the wind blowing and acting on the sea surface. A 
tremendous amount of wave energy is dissipated in the nearshore region and on beaches. 
Wave energy forms beaches; sorts bottom sediments on the shore face; transports bottom 
sediment and materials onshore, offshore, and alongshore; and also exerts forces upon 
coastal structures. A basic understanding of the fundamental physical processes in the 
generation and propagation of surface waves must precede in any attempts to understand 
water motion complexity in seas and river mouths. 
Those areas in which climate are sorted into two or more seasons can have the 
contrasting shoreline behavior because seasonal fluctuations in wave energy cause large 
seasonal cross-shore fluxes of sediment. In Southern California, winter storms erode the 
shoreline and form an offshore bar, while low-energy summer waves cause onshore 
migration of the bar and shoreline accretion,  as observed at Torrey Pines Beach (Winant 
et al., 1975). Yates et al. (2009), thus, emphasized that significant alongshore variability 
at Torrey Pines Beach, which is not uniquely controlled by the alongshore variability in 
waves, is greatly under the influence of geological factors to the seasonal cycle magnitude. 
This research applied beach equilibrium change model using three main components: 
initial beach state (location of the MSL contour, with the time mean removed), beach 
change (MSL contour movement) between two surveys, and average wave energy 
between two surveys. However, it still exists the uncertainty of this analysis due to an 
unidentified mechanism, such as limited sand supply and the limited geological data and 
understanding of the impact of geological factors on beach processes. Quartel et al. 
(2008) utilized the data consisted mainly of monthly beach elevation from a 1.5 km beach 
stretch at Noordwijk, the Nertherlands to quantify seasonal variability in the cross-shore 
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position of high-, mean- and low-tide contours, beach width and beach volume, and to 
examine the dependence of the variability on the offshore wave characteristics. Several 
features from this research were obtained in different methods such as beach elevation 
measured by using a differential Global Positioning System with an accuracy of about 2.5 
cm in the horizontal and 4 cm in the vertical; beach zones splited by determination of 
mean sea level (MSW), mean high level (MHW) and mean low level (MLW). The result 
both showed seasonal trend through two parameters: beach width and beach volume; 
indeed, beach width was larger during winters and smaller during summers, while beach 
volume was smaller during winters and larger during summers. In spite of the seasonal 
trends indicated above, daily to weekly averaged wave characteristics and monthly beach 
changes did not show a good relationship due to some potential reasons such as 
alongshore variations and changes in beach morphology and the storm intervals 
influencing antecedent morphology.  
Nha Trang Coast, a typical tropical monsoon area in South East Asia, surprisingly has 
become a well-known coast among many researchers to examine the seasonal shoreline 
variation. Luan and Tung (2014), by using MIKE 21/3 Coupled Model FM, set up a 
model to simulate the hydrodynamic regime and morphological variations of Nha Trang 
Bay based on the seasonal variation of wave conditions, river flows and under the effect 
of the storm conditions. On the one hand, the outcome demonstrated that in dry and flood 
seasons, non-monsoon and northeast monsoon are predominant and cause different 
morphology types on Nha Trang Coast which sediment accumulates in the foreshore and 
forms a wider and flatter beach in dry season while merely a minor, narrow beach shape 
with very steep foreshore in flood season. On the other hand, the limit of this research is 
necessary to put into discussion as consequence that the field measurement data of wave 
was under monitored in a temporary period in a mere location and longterm 
morphological change has been vague. Böös and DahlStröm (2015) also conducted a 
research by modeling wave height (EBED model) and shoreline evolution (GENESIS 
model) but took many issues with it. The data from this research was obtained from GPS 
and Google Earth in different seasons and hence made the results less comparable as the 
shoreline always changes with respect to season. Almar et al. (2017), to predict seasonal 
shoreline behavior, investigated the video-derived shoreline evolution of Nha Trang 
Coast over an active season from 2013 to 2014 by shoreline equilibrium model within 
numerous winter monsoon events and storms. However, this research independently 
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examined the field data itself and is hardly secured without taking into account beach 
patterns, recovery conditions and climate changes. 
The researches taken place on Nha Trang Coast, virtually, provide plenty of useful 
results of the interrelation between seasonal wave variations and shoreline development. 
However, the relationship between wave conditions and sea bottom variations in respect 
of seasons has not come into the debate yet and still been blurred. Since the determination 
of depth of closure can be sorted based on seasonal changes and more obviously in a 
tropical monsoon area as Nha Trang Coast, this leads to the ignorance of a great potential 
discussion to understand clearer the whole picture of the shoreline behavior and 
mechanism regime of Nha Trang Coast and requires further researches to connect all 
puzzles in one. 
 
2.2 Shoreline observation through image analysis technique 
2.2.1  Satellite image analysis 
Coastal zones are the complex processes of natural evolution such as coastal erosion, 
accretion, sediment transport, etc., and hence these developments usually cause changes 
in long- and short-term periods. Consequently, coastal zone monitoring is playing one of 
the most vital roles in protecting the coastline, then, shoreline extraction is a necessary 
stage to map shoreline changes as the input data for detailed discussion on mechanism of 
coastal morphology evolution. Shoreline is formed by interactions of several factors such 
as sediment deposition of rivers and oceans, various weather and wave conditions, and 
the frequent human activities (Boak and Turner, 2005; Raju et al., 2015). In general, the 
shoreline has been defined simply as the line of contact between land and a body of water 
(Boak and Turner, 2005). However, due to continuous change of water level, it is not easy 
to define the shoreline. 
In recent years, due to development of remote sensing technology, satellites can 
capture high resolution images, and thus the capability of producing shoreline with high 
accuracy can be performed. Regarding to that, several researchers utilize satellite images 
from various sources for extracting and delineating shoreline variation such as SAR 
(Synthetic Aperture Radar) images at various coastal zones (Chen and Shyu, 1998; Wu 
and Lee, 2007), Landsat TM/ETM imagery with about 30-meter resolution (Frazier and 
Page, 2000; Scott et al., 2003; Duy et al., 2016), or 1-meter to 4-meter resolution 
IKONOS images (Chalabi et al., 2006; Lipakis et al., 2008), or resolution depending on 
the frame size of image taken from Google Earth (Uda et al., 2015; Hoang et al., 2017).  
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Although satellite images are commonly applied, they have some limitations. 
Normally, satellite images have been taken sporadically, the continuous shoreline change 
with a short time interval is thus not understood. In order to address this issue, a video 
monitoring technique has been proposed.          
 
2.2.2  Video-camera monitoring 
The video-camera monitoring technique differs from traditional aerial or satellite-
photo of a single photograph analysis because the video system allows the use of 
continuous sequence images. In that sense, this system also allows the remote estimation 
of the complete nearshore system in a continuous and long-term survey. In which, 
parameters of interest in the nearshore of the beach can be extracted from this technique 
such as analysis of shoreline variation (Plant and Holman, 1997; Aarninkhof et al., 2003), 
wave breaking characteristics (Lippmann et al., 1996; Aarninkhof and Ruessink, 2001; 
Almar et al., 2012), or nearshore bathymetry (Holman et al., 1991; Stockdon and Holman, 
2000). Therefore, the video-camera technique for shoreline observation has been 
commonly applied in recent years.  
Additionally, the video monitoring technique permits to reduce the cost for collecting 
beach morphology data which is a necessary condition to be able to apply widely, 
especially in developing countries (Abessolo et al., 2017). The detailed description of this 
technology will be presented later in Chapter 3.     
 
2.3 Empirical Orthogonal Function (EOF) analysis 
Empirical Orthogonal Function analysis is a method to understand comprehensively 
the shoreline behavior. The EOF method is a matrix algebra which can decompose the 
dataset into spatially orthogonal eigenfunctions and associated temporal coefficients. In 
the field of coastal morphology, this method has been used widely for identifying 
predominant patterns in measured shoreline data.  
Winant et al. (1975) was the first researcher to apply the EOF analysis for analyzing 
beach profile variation. This research convincingly demonstrated three components: the 
mean beach profile, the bar-berm exchange and the low-tide terrace which explains the 
shoreline variability. Following this, Uda and Hashimoto (1982) and Hsu et al. (1994) 
studied the two-dimensional shoreline variation by applying EOF analysis.  
In recent years, Kang and Tanaka (2005) applied EOF to analysis the shoreline data 
on the northern part of Sendai Coast available in the period from 1996 to 2003. This 
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research represented that the shoreline variation in the study area is dominantly 
influenced by cross-shore change whilst the domination of shoreline variation driven by 
longshore sediment contributed less in comparison. With the same approach, Miller and 
Dean (2007) went into the characteristics of longshore shoreline variability and 
relationship with nearshore conditions. More recently, Hoang et al. (2014) applied EOF 
analysis to put forwards the dominant modes of morphology evolution on the southern 
part of Sendai Coast before and after 2011 tsunami. 
 
2.4 Depth of closure 
In the field of coastal engineering, understand the physical process of sea bottom 
change is believed to be one of crucial works. The seaward limit of appreciable depth 
change based on wave processes and sand characteristics is necessary to be examined for 
many research activities in sandy coast. 
 
2.4.1  Interpretation of depth of closure 
The concept of depth of closure (Dc) has been defined by various ways along coastal 
engineering’s history. Hallermeier (1981) provided the theory of an onshore-offshore 
profile which the onshore zone consists of shoal zone and littoral zone. The littoral zone, 
caused by extreme near-breaking waves and breaker related currents prolongs to the 
seaward limit of intense bed activity. The shoal zone is where surface wave effects on 
sand bed has an intermediate significance; indeed, extreme waves are able to carry some 
littoral-zone sand into the shoal zone and casual waves can carry some offshore-zone 
sand into this section. Between these two areas, it exists a depth (Dc), which the 
significant net sediment transport between on/offshore transports by waves is restricted to 
the water depths less than Dc. 
Alternatively, Birkemeier (1985) identified the Dc as the closeout depth separating the 
active zone of nearshore sediment transport from a deeper zone of negligible sediment 
variation under a certain temporal scale (Kraus et al. 1998). Although the concept of Dc 
was applied into many researches to do calculation for artificial beach nourishment  
(Stive  et  al.,  1991;  Stauble  et  al., 1993; Marsh et al., 1998), sediment budget as well 
as one-line model (Capobianco et al., 2002; Heilman et al., 2006); however, it is still an 
uncertainty about relevant identification of Dc (Inman  et  al.,  1993; Francois et al., 2004) 
which apparently makes the theory not valid in every cases.  
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It is notable that the measurement of Dc is larger as understood as deeper in the 
condition that the observation duration increases (Capobianco et al., 1997; Hinton and 
Nicholls, 1998; Nicholls et al., 1998; Francois et al., 2004). This was relevantly examined 
by a research in Holland Coast (Hinton and Nicholls, 1998).  From that research, 8-meter 
depth of Dc is selected by using five-year bathymetry data.  Meanwhile, using 20-year 
bathymetry data, the estimated Dc was 9-meter. Based on the progress towards the 
developing theory and its application, it is observed that longshore variation of Dc exists 
(Gracia et al., 1995; List et al., 1997; Nicholls et al., 1998; Wang and Davis, 1999). 
 
2.4.2  Estimation of depth of closure 
The method to determine the Dc was already introduced in the past and divided into 
two main approaches. The former one analyzes specific patterns and magnitudes of 
profile changes from monitored data which in detail is the time series repetitive profile 
surveys. The latter one, however, qualitatively applies empirical calculation. 
According to the first approach, the measurement of Dc is significantly influenced by 
temporal and spatial scales. As mentioned above, with the larger the temporal scale, the 
deeper result of Dc will tend to be (Birkemeier, 1985). Generally, the Dc behavior is set as 
three different scales (Hinton and Nicholls, 1998; Nicholls et al., 1998), which are Large, 
Medium and Small scales. Large-scale has a morphodynamic length scale of more than 
10 km and time scale of centuries; Medium-scale is with a morphodynamic length scale 
of more than 1 km and time scale of years; and Small-scale has a morphodynamic length 
scale of more than 100 m and time scale of storms to season. 
Moreover, seasonal variations of wave climates and beach change patterns are also 
necessary to take into account owing to its influences on the maximum seaward depth of 
sea bottom elevation changes. There have not been many researches carrying out the 
evaluation of depth of closure with respect to seasonal changes since the past. This is 
because of the limit and consistency of available data set as well as the physical limits of 
survey which limits the ability to examine fully the evolution of depth of closure under a 
long period of time. Another objective reason comes from the usage of empirical 
calculation. Indeed, Nicholls et al. (1998) concluded that within the limit of data, the 
constant Dc obtained by analytical approaches such as Hallermeier (1981) and Birkemeier 
(1985) can provide a reasonable depth of closure, particularly, for individual erosional 
events in comparison with the depth of closure measured by using 12-year high-precision 
data set. However, analysis of long-term, high-precision beach-nearshore observations 
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from a range of settings would be useful in order to fully understand the evolution of 
depth closure in the future.  
The second approach technically uses empirical calculation as mentioned above 
developed upon the collected data from the first approach and considers either an extreme 
wave condition (Hallermeier, 1978) or an annual mean significant wave height (Houston, 
1995). Hallermeier (1978) mentioned the limit depth to erosive wave cutting near the 
shore on a sand slope is precisely defined by the critical value of Froude number 





                                                         (2.1)                                                      
 
where ub is the maximum wave-induced horizontal velocity near the bed, γ
' is the ratio of 




for quartz sand in seawater). The critical value (0.03) assumes that Dc generally lies 
seaward of the surf zone and implies that the peak near-bottom fluid kinetic energy per 
unit sediment grain volume is sufficient to raise an immersed grain a distance 0.015d 
above the bed. From Eq. (2.1), a limit depth for wave cutting of the nearshore can be 
defined by giving a wave condition and linear wave theory and analytically approximated 
for quartz sand (γ' = 1.6) as 
 




2                                                  (2.2) 
                                 
where sH is the significant wave height exceeded 12 hours per year (or 0.137 % of the 
time), sT is the associated wave period, and g is the acceleration due to gravity. 
This equation has become a popular equation named as Hallermeier’s equation and 
commonly used in practical applications to determine the location of Dc. In addition, Eq. 
(2.2) suggests that the Dc can be fluctuated depended on seasonal change; particularly, in 
the regions where seasons are distinguished clearly and wave height varies under the 





2.4.3  Application of empirical formulas of depth of closure 
One well-known practical application to assess long term shoreline variation is one-
line model (Larson et al., 1987). In the theory of one-line model, the beach profile is 
assumed to sustain an equilibrium shape and all bottom contours are parallel. Longshore 
sediment transports uniformly over the beach profile under a certain depth, Dc and no 
sand is assumed to move along the seaward region of this depth as described in Fig. 2.1. 











− q൰ = 0                                       (2.3) 
 
where Q is longshore sediment transport rate; x is space coordinate along the axis parallel 
to the trend of the shoreline; y is shoreline position; t is time; ܦ஻ is the height of berm, 
and ܦ௖  is the depth of closure. Moreover, ݍ  denotes the combination of the rate of 
sediment entering and leaving the profile from the landward, ݍ௦ and seaward 
boundary, ݍ଴. These produce a volume change of q∆x∆t. The quantity q can represent as a 
sediment discharge from a river or a loss due to sand mining.  
 
 
Fig. 2.1 Definition sketch for shoreline change calculation (Hanson, 1989) 
 
If a line source or sink of sand is not considered, i.e. the adding or removing a volume 
of sand per unit width of beach from either shoreward side or offshore side is negligible, 











                                                   (2.4) 
 
 From both Eqs. (2.3) and (2.4), it is noted that the estimation of shoreline change 
quantity is significantly a consequence of Dc determination. Either overestimate or 
underestimate in Dc will give distinct quantities in shoreline change computation; 
therefore, rigorous understanding Dc concept and its interpretation is mainly required for 
any kinds of study. 
Although many researches had worked on the theory of one-line model (Shibutani et 
al., 2007; Zacharioudaki and Reeve, 2009) using constant of Dc, but, in reality, the 
existence of constant Dc is questioned. Considering this, its longshore variation as well as 
observing more accurate nature phenomenon should be taken into account. For instance, 
some studies, to analyze coastal areas, have used the bathymetry data to determine Dc and 
its location. Nomura et al. (1986) and Uda (2010) obtained a constant value of Dc 
representing for their study area based on bathymetry data from several coast in Japan. 
Whilst the longshore variation of Dc was proposed by Francois et al. (2004) using four 
years bathymetry data (medium-scale) in Gulf of Lion, France, a micro-tidal wave-
dominated coast to select several cross sections to estimate Dc. Furthermore, the presence 
of coastal structure will definitely affect the response of wave energy to bottom 
topography and hydrodynamic conditions, particularly, in the area near structure 
(Widyaningtias et al., 2012b).  
Additionally, the depth of closure has also been applied for a number of practical 
applications related to beach nourishment. Hands and Allison (1991) compared the 
disposal depth with the depth of closure of beach profile as predicted in Hallermeier 
(1981) and found that if the disposal depth is less than Dc, the disposal sediment would be 
more active and move more quickly onto the subaerial beach. The activity of nourishment 
mound or bar placed at the depth shallower than Dc is not surprising because the 
placement in effect immediately pulls the sand into the nearshore region of active profile 
changes where nourished materials can incorporate with the overall beach profile. Instead, 
the disposal sand placed at water depths greater than Dc cannot nourish the shoreward 
beaches in a certain amount. Another example, Kraus et al. (1998) mentioned the beach 
profile at the project site and neighboring location should be employed to determine Dc in 
beach fill design. The depth of closure would be given for different time scales due to 
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wave conditions occurring during the interval and morphological features (storm bars or 
active inner bars).   
 
2.5  Longshore sediment transport rate 
Longshore sediment transport (LST) or the resulting movement of beach material 
along the coast caused by waves break at an angle to the shoreline, is of interest for not 
only coastal engineers but also ocean marine geologists (Komar and Inman, 1970). This 
alongshore movement of beach sediment is of significant importance in coastal 
management and sustainability since it directly controls the beach morphology. 
Although numerous models have been proposed with the aim of developing a reliable 
formula for calculating longshore sediment transport rate (LSTR), the wave power model 
developed by Inman and Bagnold (1963), still remains to be the most widely accepted 
model (Bailard, 1984). This model was then utilized by the 
Coastal Engineering Research Center to form the most well-known equation for 
calculating LSTR, called CERC formula (SPM, 1984). The second equation, which 
considers effects of the grain size and beach slope in order to give a more refined 
estimation of LSTR, was studied and introduced by Kamphuis (1991). Detailed 
descriptions of the CERC and the Kamphuis formulas are given in the following 
paragraphs. 
 
 CERC formula (Shore Protection Manual, 1984)  
The CERC formula, developed based on the concept that the total LSTR is 









Q g H 

                                         (2.5) 
 
where Q is the submerged total longshore transport rate, K is the empirical coefficient, 
ߩ is the density of water, g is the acceleration due to gravity, Hsb is the significant wave 
height at breaking, γb is the breaker index, and αb is the wave angle at breaking. 
Despite the fact that the CERC formula is arguably the most widely used tool to 
predict LSTR, it only provides order-of-magnitude accuracy. According to Bailard (1984), 
this shortcoming is caused by the relative simplicity of the wave power equation. In 
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which, the wave power is linearized by introducing the coefficient K to the model. Komar 
and Inman (1970) were probably the first who quantitatively determined the value of K 
based on filed data at two beaches and came to the conclusion that this relation coefficient 
should be 0.77. Since then, numerous studies have been carried out with an attempt to 
provide an accurate relation between the total LSTR and the longshore component of the 
wave energy. The Shore Protection Manual (1984) suggests that values of K should be 
0.39 and 0.92 based on computations utilizing root mean square wave height and 
significant wave height, respectively. However, this empirical coefficient is highly site-
specific and applicable only in a narrow range of conditions. Therefore, it is suggested 
that the coefficient K should be calibrated to provide reasonable estimates of LSTR. 
Detailed example in calibrating this coefficient will be presented later in Chapter 7. In 
addition, the CERC formula does not take into consideration of the effects of sediment 
grains and the bed slope. In order to fill this gap, Kamphuis (1991) introduced a refined 
equation as follows. 
 
 Kamphuis (1991) formula 
This formula was developed based on physical models calibrated by published field 
data with an attempt to correlate the LSTR to the particle size, the beach slope, wave 
steepness, and the breaking angle as 
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STUDY AREA, DATA COLLECTION AND METHODOLOGIES 
 
3.1     Study area 
Located in Southeast Asia’s tropical monsoon belt, various parts of Vietnam’s 
coastline have been strongly influenced by the Asian monsoon. It is distinguished by the 
fact that the coast is dominated by strong northeast waves in the winter monsoon period, 
while calmer waves travel in the reverse direction during the non-monsoon period. In 
recent years, it has been observed that morphological changes in either coastal areas or 
estuaries are the significant problems. In terms of that, coastal erosion has been getting 
more severe as well as spreading to many beaches along the coastline from the north to 
the south of Vietnam. 
The target study site is Nha Trang Coast in South Central Vietnam, locating 
approximately 300 km to the northeast of Ho Chi Minh City (Fig. 3.1). This coast is 
situated on Nha Trang Bay which is one of the most beautiful bays in the world and also 
one of the most attractive destinations in Vietnam’s tourism map. However, it has been 
anxious about a serious obstacle for the tourism industry since severe erosion and 
disappearance of a sandy beach during several months have been occurring on a part of 
Nha Trang Coast in recent years (Fig. 3.2a), which is due to change of climate 
characteristics, especially strong northeast monsoon waves (Viet et al., 2014).  
As shown in Figs. 3.1 and 3.2, Nha Trang coastline in Southern Nha Trang Bay 
extending from Cai River mouth with a protrusion of a beachside hotel in the north to a 
breakwater of military port in the south is almost 4.3 km in length. It can be seen that 
these structures are playing a role similar to groins at coastal area; therefore, longshore 
sediment transport on this coast is blocked at the both ends. More details about the role of 
these structures will be presented in Chapter 4. In addition, some large islands in the 
southeast of Nha Trang Coast such as Hon Tre Island (Fig. 3.1) can be seen as obstacles 





Fig. 3.1 Location map of the study area. Point A is location of the offshore wave data. 
Protrusion of hotel is playing a role similar to a groin in the northern area while a similar 
role of a breakwater of military port can be seen in the southern area 
 
 
       (a) Protrusion of a beachside hotel                       (b) Breakwater of military port 
Fig. 3.2 Interruption of longshore sediment transport due to protrusions of a beachside 
hotel in the north and a breakwater in the south (Background photographs were taken by 
Unmanned Aerial Vehicle on December 24, 2016) 
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3.2     Data collection 
3.2.1  Satellite photographs 
In the previous reports of Inman and Harris (1966), and Szczuciñski et al. (2005), a 
sandspit, which was formed on both sides of the Cai River mouth, was observed long 
time ago. This river mouth sandspit was considered as the principal source of sediment to 
the coast. However, the river mouth sandspit disappeared due to sand excavation for a 
landscape renovation project on both sides of river bank from 1999 to 2009. In order to 
investigate the long-term evolution of the sandspit at the Cai River mouth, a series of 
Landsat images from 1988 to 2015 was collected through an open source of United States 
Geological Survey (USGS).  
Additionally, due to a specific limitation of Landsat images relating to low spatial 
resolution (normally 30 m/pixel), the available data of Google Earth images from 2003 to 
2015 was also utilized as a further investigation of beach behavior after the disappearance 
of the river mouth sand spit in 2009.  
 
3.2.2  Video-camera images  
Through a protocol research project “Study on hydrodynamic and sediment transport 
regime in estuarine and coastal zones of Nha Trang Bay, Khanh Hoa province” supported 
by Ministry of Science and Technology (MOST), Vietnam and Institute of Research and 
Development (IRD), France, a coastal video-camera monitoring system was deployed and 
installed in May, 2013. Location of the video-camera system can be seen in Fig. 3.1. This 
video-camera system consisted of two cameras: the first camera was used for shoreline 
observation in the northern area (near the hotel) and the second one was applied for the 
southern area (Fig. 3.3). Unfortunately, the southern camera was destroyed by thunderbolt 
in the end of July, 2014. As a result, this study not only investigated beach behavior in 
short-term and wide area but also analyzed the detailed process of morphological 
variation in longer term and smaller area by merely using a 40-month time series of the 
northern camera images. A schematic classification of available images in each camera 






Fig. 3.3 Location of the video-camera system mounted on the electric pole approximately 
45 m landward from the mean shoreline and (a) 10.45 m above mean sea level for the 
northern camera, (b) 9.67 m above mean sea level for the southern camera (Background 
photograph was taken in a field trip in September, 2015)  
 
 
Fig. 3.4 Schematic classifications of available images taken by each camera 
 
3.2.3  Tidal conditions 
The tidal data was collected at a Tide Station of Institute of Oceanography located 
near the breakwater of military port in the south of Nha Trang Coast. The Nha Trang tide 
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is generally characterized by a mixture of diurnal tide and semi-diurnal tide. A detailed 
example of tidal conditions in Nha Trang Bay with about 2.0 m of tidal range is zoomed-
in view in March, 2014 as plotted in Fig. 3.5. According to this figure, the maximum and 
minimum of water levels in 2014 are also included in the plot. 
The tidal data is utilized in order to address the effect of tidal variation on the 
shoreline position extracted from satellite and camera images.  
 
 
Fig. 3.5 Tidal variation in the south of Nha Trang Coast in March, 2014  
 
3.2.4  Wave conditions 
The wave condition is a major driving force to transport sediment. In this study, the 
wave data simulated by SWAN (Simulating Waves Nearshore) model was provided by 
Institutes of Mechanics, Vietnam.  
At first, the characteristics of significant waves for an offshore point at a water depth 
of 80 meters (Fig. 3.1, Point A) located approximately 30 km to the east of Nha Trang 
Coast were collected. The wave height (ܪ), wave period (ܶ) and wave direction (ߠ) 
shown in Fig. 3.6 were typically simulated in each three-hourly interval from January 
1990 to November 2014. In this figure, the tendency variation of the monthly values 
exhibit clear seasonality with a relatively strong monsoon component of high waves from 




(a) Examples of time-variation of seasonal waves from 2004 to 2014 
 
 
(b) Seasonal wave rose (from 1990-2014) in the northeast monsoon season (left) and the 
non-monsoon season (right)  




(a) Time-variation of seasonal waves.   
 
  
(b) Six locations of wave data (W1 ~ W6) in Nha Trang Bay (left); and seasonal wave 
rose in the period of northeast monsoon (mild) and non-monsoon (right)  
Fig. 3.7 Seasonal wave characteristics in Nha Trang Bay. Statistical wave information 
was performed based on data-averaged at six locations 
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It is noted, however, that wave intensity from east-southeast to this coast may be 
weakened due to the existence of some islands in the southeast of the coast. In order to 
address this problem, further wave data in Nha Trang Bay is necessary. As a result, the 
wave conditions at six selected locations along the bay were simulated in an hourly 
interval from January 2013 to December 2016 as described in Fig. 3.7. In general, the 
wave characteristics in Nha Trang Bay are closely consistent with the offshore wave 
conditions, taking on seasonal changes. 
In addition, a verification of the simulated waves presented by Böös and Dahlström 
(2015) indicates a good agreement between the simulated and measured wave conditions, 
although the simulated wave height tends to be slightly underestimated. The difference in 
the usages on which wave data will be discussed later in the next chapters. Especially, 
relationship between morphological changes and wave characteristics will be presented in 
detail in Chapter 4 (Section 4.4).  
 
3.2.4  Beach profile evolution 
In developing country as Vietnam, the field survey data as bathymetry data is so 
difficult to collect a complete data.  In this study, the collected bathymetry shown in Fig. 
3.8 was the nearshore bathymetry data measured in May 2013 through the protocol 
research project as mentioned above in Section 3.2.2.  
In general, the bathymetry along Nha Trang Coast is quite complex and varies from 
2% to 5% of average beach profile (Viet et al., 2014). As can be seen from the contour 
lines showing the bathymetry of the Southern Nha Trang Bay, the larger beach slope can 
be observed in the area adjacent to the southern breakwater due to fluctuations of water 
depth induced by the presence of the large island (Hon Tre Island) in the southeast of Nha 
Trang Coast.  
In addition, based on this collected field survey data, Binh (2017) determined the 
depth of closure in May, 2013; therefore, this value is useful in this study to compare with 
the depth of closure calculated based on the empirical formula. More details about this 




Fig. 3.8 The contour lines show the bathymetry of the Southern Nha Trang Bay  
 
3.3     Methodology of image analysis 
3.3.1  Image rectification with projective transformation 
The detailed available images in each camera during the period of the study from May 
26, 2013 to August 24, 2016 were shown in Fig. 3.4. The video-camera system captured 
images in every second from 06:00 am to 05:15 pm every day (Fig. 3.9). Although 
shoreline variation and differences of wave intensity can be observed and analyzed from 
the raw images, the difficulties start appearing in shoreline delineation at the land-water 
boundary due to presence of water saturated zone induced by the dynamic nature of water 
level (Angnuureng et al., 2015). Therefore, the video monitoring technique has been 
provided fifteen-minute time-averaged images, in which fifteen-minute shoreline 
positions are generally obtained by alongshore-averaged cross-shore shoreline locations 
to minimize the influence of more localized alongshore variability (e.g. wave run up, 
beach cusps). Similarly, all images taken in each 15 minutes interval in this study were 
also combined to make the fifteen-minute time-averaged images (Fig. 3.10). 




(a) Raw images taken in the northern area 
 
(b) Raw images taken in the southern area 
Fig. 3.9 Examples of raw images taken by camera system  
 
 
          (a) Northern time-averaged image                  (b) Southern time-averaged image 
Fig. 3.10 Example of fifteen-minute time-averaged images. Yellow markers are           




(a) August 26, 2013 
 
(b) December 25, 2013 
Fig. 3.11 Example of the projected time-averaged images 
 
 
Fig. 3.12 Sea dyke was constructed along Nha Trang Coast by local government. 
Example of some Ground Control Points on the northern area (Number 7 ~ Number 12), 
which were used for projective transformation (Background photograph was taken on 




of shoreline change, the fifteen-minute time-averaged images using for shoreline 
extraction were collected at the moment of the mean sea level as the definition of zero 
elevation. Besides, the low quality images due to heavy rain, fog, etc. were discarded in 
the collection. 
Following that, the fifteen-minute time-averaged images were rectified with 
projective transformation from pixel coordinates into real-world coordinates (Holland et 
al., 1997). The projected time-averaged images are exampled in Fig. 3.11. In each area of 
the northern and southern cameras, transformation of images in this analysis was 
accomplished using a set of 12 Ground Control Points (GCPs) selected along sea dyke to 
have approximately the same elevation (Fig. 3.12). At this stage, the oblique time-
averaged images from camera system were projected to the horizontal plane with the 
elevation of GCPs located along the sea dyke. It is noted, however, that the level of 
shoreline positions are related to the sea level. Consequently, the correction of the 
detected shoreline positions to the sea level in this study would be performed and 
discussed in the next section. 
In addition, the coordinate system used for handling data was also presented in Fig. 
3.11. A point, where coordinate is 303959 m East and 1355573 m North on World 
Geodetic System (WGS84), was selected as the origin coordinate (x, y)=(0,0). Besides, x-
axis and y-axis were performed based on the sea dyke, the positive direction of the x-axis 
and the y-axis is southward and seaward, respectively.  
It is also noted that the video-camera monitoring system mounted on the electric pole 
approximately 45 m landward from the mean shoreline was a video-camera system 
without pan/tilt functionality. This would be the reason for the gap without data of the 
extracted shoreline position as shown in a merged image to a single plane view (Fig. 
3.11).      
Similar transformation process, which was applied for the video-camera images, was 
also applied for the case of satellite photographs. To be more specific, GCPs using for 
processing the satellite images were selected in approximately the same elevation and 
close to the sea level. Several permanent features such as road intersection, airport 
runway, building corners should be chosen as the GCPs. Besides, the GCPs must be 
spread evenly over the coastal region of the image in order to give best coverage for 
transformation process.  
Additionally, when applying the satellite photographs for shoreline change analysis, a 
big challenge is correction of the extracted shoreline position with tidal level because 
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actual capture time in most images collected from open source as Google Earth is 
unknown. Recently, Hoang et al. (2017) introduced an approach to estimate the capture 
time of image based on solar azimuth angle and length of shadow of vertical object on the 
horizontal surface. Therefore, the final procedures consist in applying this technique in 
order to address the problem of unknown capture time of satellite images and correcting 
shoreline with tidal level.   
    
3.3.2  Shoreline and breaking position detection 
In general, depending on the image data sources for analyzing shoreline, several 
researchers in past had therefore proposed various proxies for shoreline position. A 
statistic of shoreline definition and detection was presented and summarized by Boak and 
Turner (2005). In which, the effective shoreline can be equivalent wet/dry line with 
changing color intensity between wet and dry sand sides, and therefore the detection of 
gradient maxima in cross-shore transects of pixel intensity could be used to locate the 
position of shoreline. This shoreline indicator can be interpreted on both color and grey 
scale photographs, and therefore it has been commonly applied for analyzing video 
images (Plant and Holman, 1997; Aarninkhof et al., 2003) or satellite and aerial 
photographs (Selvan et al., 2014; Hoang et al., 2017). Accordingly, by using the projected 
camera images and the rectified satellite photographs together with applying similar 
shoreline indicator, shoreline position from both image data sources in this study was 
detected.  
In addition, in order to assist in discussing relationship between shoreline evolution 
and wave characteristics, an approach in terms of analysis of temporal variation of surf 
zone based on the projected time-averaged images is also proposed.   
In fact, wave breaking develops in the surf zone in most cases; hence, by using the 
time-averaged images, the surf zone can be seen as the area of white patterns (Longo et 
al., 2002; Pereira et al., 2011) as shown in Figs. 3.10 and 3.11. Here, the intensity signals 
in the surf zone are the result of a mixture of the breaking and nonbreaking waves; 
therefore, the surf zone in the fifteen-minute time-averaged images will be the average of 
the area-weighted contributions arising from the breaking and nonbreaking areas (Catalán 
et al., 2011).  
In reality, it is difficult to find proper identification of wave breaking. In general, the 
locations of breaking in the surf zone correlate with the increased intensity values, i.e. the 
high intensity signals are associated with active wave breaking. Therefore, in order to 
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define a proper and consistent indicator for this analysis, the gradient maxima in cross-
shore transects of pixel intensity of the projected time-averaged images can also be used 
to locate the breaking point. A verification of the results of the detected breaking point 
will be included and discussed later in the next section. Furthermore, at the distance of 
longshore positions far from the location of the video-camera system, it is scarcely 
identified with breaker patterns in the challenging case of energetic waves (Pereira et al., 
2011; Birrien et al., 2013). Accordingly, the investigation of the surf zone in this analysis 
was limited as follows: 230 m ≤ x ≤ 290 m and 360 m ≤ x ≤ 470 m (as red rectangles in 
Fig. 3.11).  
As mentioned in previous section, in the stage of image transformation, the shoreline 
position detected from the projected time-averaged image has not corresponded to the 
elevation of sea level. Consequently, the detected shoreline position in this study was 
corrected subsequently with a simple method based on a geometric relationship between 
the position of the video-camera, the detected shoreline coordinates on the horizontal 
plane, and the sea level (Fig. 3.13). Using the parameters defined in Fig. 3.13, the 
shoreline coordinates transformation in this geometric relationship can be derived in 
terms of the following equation 
 
x෤s = xc + (xs − xc)
zsea − zc
zdyke − zc
                                          (3.1) 
 
y෤s = yc + ൫ys − yc൯
zsea − zc
zdyke − zc
                                          (3.2) 
 
where (x෤s, y෤s, z̃s ) is a corrected shoreline coordinate; (xs, ys, zs ) is a detected shoreline 
coordinate; (xc, yc, zc) is a coordinate of the camera position; zdyke is the elevation of the 





Fig. 3.13 Geometric relationship between camera position, detected shoreline coordinates 
and sea level 
 
In the coastal region covered by the camera images, several satellite photographs were 
collected from Google Earth. These satellite photographs were also rectified based on 
GCPs together with a similar coordinate system of the camera image analysis. Fig. 3.14 
shows the comparison between the extracted shoreline positions from the camera image 
analysis after correcting to the sea level and the shoreline in the Google Earth images. As 
can be seen in this figure, it is obvious that the extracted shoreline from the camera 
images on February 01, 2014 and on March 03, 2014 achieve a good agreement with the 
shoreline from Google Earth images on the same days, especially area adjacent to the 
hotel, where erosion reaches to the sea-dyke slope and then a sandy beach cannot be 
observed. In order to establish whether the paired data conform to a line of equality, Fig. 
3.15 indicates that they are highly correlated and that this does not vary for almost 





(a) February 01, 2014 
 
(b) March 03, 2014 
Fig. 3.14 Comparison of shoreline position between camera image analysis and  
Google Earth images  
 
 
                      (a) February 01, 2014                                         (b) March 03, 2014 
Fig. 3.15 Relationship between the shoreline positions extracted from camera and  




3.3.3  Image segmentation for extracting breaking position and its comparison 
A verification of the extracted shoreline from the camera images can be discussed by 
using the shoreline position extracted from the available Google Earth images as found in 
the previous section. However, in order to evaluate the reliability of the breaking position 
extracted from the above imaging process, an image segmentation method was used as a 
further approach in detecting breaking position. Then, comparisons between both data 
sets of breaking position will be presented in this section.        
Generally, in order to apply image segmentation, some basic ideas of assumptions are 
as 
(1) The pixel intensity values are different in each region, which represents the 
corresponding object in a scene. 
(2) The difference of pixel intensity within each region is minimal.  
Among the technique to segment an image, thresholding is probably the most 
frequently used technique. Then, a great variety of methods was proposed to find a 
suitable threshold for image segmentation. Among these, Otsu’s thresholding method is a 
commonly used approach in various fields of study (Kuleli et al., 2011; Santos et al., 
2012; Paravolidakis et al., 2016). In general, the simple idea of this method is based on 
Gray-Level histograms to calculate the threshold value that can be maximized the 
separability of the resultant classes of the object and background portions in gray levels, 
i.e. maximize the between-class variance. The detailed description of the Otsu’s 
thresholding method can be consulted in Otsu (1979).        
The image segmentation in this study also utilized the projected fifteen-minute time-
averaged images for the consistency of the previous image analysis process. Several 
sample time-averaged images taken in the northeast monsoon period with moderate 
waves (Fig. 3.16), strong waves (Fig. 3.17) and in the non-monsoon period with calm 
waves (Fig. 3.18) were used as testing cases. According to these figures, the surf zone, 
which can be seen as red rectangles, was also limited in the same manner as its 
investigation in the previous section. 
At the first stage of processing, in order to obtain an image containing two classes of 
pixels, black zone on the projected time-averaged image was filled into an average 
intensity value of sea (Figs. 3.16(b), 3.17(b) and 3.18(b)). Then, the images were 
converted to grayscale images. In order to determine whether images can be characterized 
by a bimodal or unimodal distribution, the gray-level histogram, which is a valuable tool 
in establishing an optimal threshold, was included as shown in Figs. 3.16(c), 3.17(c) and 
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3.18(c). It is clear that these images contain two classes of pixels through bimodal 
histograms: the first one is intensity distribution of water (sea) pixels and the second one 
is intensity distribution of the combination of land and surf zone pixels. Accordingly, the 
optimal threshold, which was shown by vertical red dashed line, was calculated through 
the application of Otsu’s method. At the last step, the grayscale image was converted to a 
binary image based on the threshold for dividing image into two blocks of different 
categories (water and land-surf zone) as can be seen in Figs. 3.16(d), 3.17(d) and 3.18(d). 
As shown in these figures, the breaking point can be easily distinguished and extracted 
from the binary images. 
The 1:1 comparison of the breaking position extracted based on both methods, which 
were presented in Sections 3.3.2 and 3.3.3, was shown in Fig. 3.19. Although the 
difference of the extracted breaking position between the gradient maxima in cross-shore 
transects of pixel intensity method (method 1) and the threshold of image segmentation 
method (method 2) can be observed, this figure also shows the good agreement between 
both methods and the 45-degree line through the origin when two scales are the same. 
Especially, the better agreement than others is perhaps related to the period of calm wave 
conditions as described in Fig. 3.19(c). 
 
Fig. 3.16 Segmentation of image taken on October 31, 2013. (a) Original image, (b) 




Fig. 3.17 Segmentation of image taken on December 06, 2013. (a) Original image, (b) 
grayscale image, (c) histogram of grayscale level, (d) binary image 
 
Fig. 3.18 Segmentation of image taken on May 29, 2014. (a) Original image, (b) 





                        (a) October 31, 2013                                          (b) December 06, 2013                   
 
                                                             (c) May 29, 2014 
 Fig. 3.19 Comparison between the breaking position extracted from maxima gradient 
intensity (method 1) and image segmentation (method 2)  
 
3.4     EOF analysis of shoreline change 
This study applies the EOF analysis to decompress the dominant processes of 
shoreline variability in order to assess whether if longshore or cross-shore movement 
dominated in the study area. The EOF analysis utilizes a separation of variables approach 
to isolate and analyze spatial eigenfunction en(x) and temporal eigenfunction cn(t)  of 
shoreline data.  
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In this study, the variation of average shoreline position yത(x), which is calculated based 
on the extracted shoreline from the camera images ys(x,t), is given by 
 
ݕ(ݔ, ݐ) = ݕ௦(ݔ, ݐ) − ݕത(ݔ)                                              (3.3) 
 
where EOF analysis is performed as follows 
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                                          (3.4) 
 
here contribution rate, Rn , associated with the n-th component is described by the 













                                                     (3.5) 
 
3.5     Methodology of numerical simulation of shoreline change 
3.5.1  Basic assumptions 
Because the application of numerical model in this study is based on shoreline change 
model (one-line theory), it is constrained by the basic assumptions upon which the model 
of this study is based (Hanson and Kraus, 1989) 
(1) The beach profile keeps equilibrium and moves parallel to itself.  
(2) Sediment transport is uniformly distributed over the beach profile down to a 
certain limiting depth (depth of closure). 
(3) Wave breaking is the main reason of sediment transport alongshore within the 
depth of closure. 
(4) The detailed structure of the nearshore circulation is ignored. 
In which, because the sand transport on an open-coast beach is a function of the 
breaking wave characteristics (breaking wave height and its direction) with respect to the 
local shoreline orientation, i.e. the sand transport rate is parameterized in terms of 
breaking wave conditions, the detailed structure of the nearshore current pattern does not 
directly effect (Frey et al., 2012).   
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3.5.2  Governing equation, discretization scheme and stability of numerical model 
Regarding the computation of shoreline change, a well-known governing equation of 
shoreline change is formulated by conservation of the sediment volume as Eq. (2.3).  
In order to solve Eq. (2.3), it is necessary to specify the expressions for the depth of 
closure, Dc, and for the longshore sediment transport rate, Q. At first, the depth of closure 
is a significant parameter defining the sediment transport boundaries. The detailed 
description and calculation process of the depth of closure will be discussed later in 
Chapter 5.  
Secondly, Kraus and Harikai (1983) emphasized that shoreline changes are produced 
by gradients in longshore sediment transport generated by both waves arriving along the 
coast at oblique angles and alongshore gradients in wave height. For this reason, this 
study utilized an extended version of the CERC-equation proposed by Hanson and Kraus 
(1989) as the following equation 
 
 2 1 2sin 2 cos bg bs bsb
H
Q H C a a
x
 
    
                          (3.6) 
 
The first term in Eq. (3.6) is a well-known formula, the CERC-equation, as mentioned 
in Section 2.4, and is a common way to quantify longshore sediment transport generated 
by incident waves breaking at an angle to the shoreline (USACE, 1984). The second term 
is used to account for the longshore current and associated sediment transport driven by 
alongshore gradients in wave height (߲ܪ௕/߲ݔ) induced by the presence of structures or 
irregular bathymetry (Ozasa and Brampton, 1980). 












































where Hb is the significant wave height at breaking; Cgb is the wave group speed at the 
breaker line; bs  is angle of the breaking waves with respect to the shoreline; ρs is the 
density of sand; ρ is the density of water; p is the porosity of sand on the bed; the factor 
1.416 is used to convert from significant to root-mean-square wave heights; and K1 and 
K2 are the empirical coefficients. Generally, K1 characterizes the entire modeling domain 
while K2 affects the evolution in areas near structures. The values of K1 and K2 are treated 
in calibration process and can be called as “calibration parameters” or “transport 
parameters”. More detail about calibration process will be presented latter in Section 7.3, 
Chapter 7. In addition, the average nearshore slope, tanβ, which is calculated by Bruun 











                                                 (3.9) 
 
where A is equilibrium parameter expressed as a function of the median grain size, D50. 
The recommended A-values for diameters from 0.1 to 1.09 mm were summarized by 











                                           (3.10) 
 
where Ho is significant wave height in deep water (m); Lo is wave length in deep water 
(m), Lo= gT
2 2π⁄ , in which g is the acceleration due to gravity, and T is the wave period.  
Eq. (3.10) was introduced by Hallermeier (1981) and it is similar to Eq. (2.2) in order 
to determine an approximate annual limit depth (depth of closure, Dc) of the littoral zone 
under extreme waves. In general, depth of longshore transport is associated with a short 
term basis (hourly or daily) to consider no sediment moving beyond this depth due to 
only longshore transport, whereas the depth of closure should be evaluated over a longer 
period to ignore sediment motion beyond Dc causing by any process such as longshore 
and cross-shore transports. Detailed of the depth of closure will be presented later in the 
Chapter 5. In the framework of this study, DLTo is computed at each time step associated 
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with the wave data. Therefore, as seasonal variation of wave characteristics, this 
definition will reflect changes in average beach slope.      
In addition, when applying Eq. (3.6) to estimate LST rate, the breaking wave angle 





bs b s b x
   
   

                                   (3.11) 
 
where αb is the breaking wave angle relative to the model baseline (x-axis); and αs is the 
angle of shoreline with respect to the model baseline (x-axis).  
 
 
Fig. 3.20 Relationship between breaking wave position angle and shoreline 
 
In this study, the governing differential equation, Eq. (2.3), will be approximated by 
explicit finite difference scheme to obtain the new shoreline position based on the values 
determined at a previous time level. Referring to Fig. 3.21, the change in position of 
shoreline solved by an explicit scheme can be written as 
 
ys(i,j + 1) =  ys(i,j)  −  
∆t
(DB +  Dc)∆x




where ∆x  is space step; ∆t  is time step; (߲ݕ/߲ݐ)  is approximately by ቀys(i,j + 1) −
ys(i,j)ቁ /∆t ; and (∂Q/∂x)  is approximately by ቀQiା1,j − Qi,jቁ /∆x  in which forward 
difference method for spatial variable is used.  
 
 
Fig. 3.21 Definition sketch of explicit solution scheme  
     
For this calculation, the grid spacing and time step of finite difference numerical 
solution must satisfy the stable condition, i.e. the allowable time and space steps need to 
examine. Based on main assumptions presented in detail by Kraus and Harikai (1983), 
and Larson et al., (1987), especially assuming small angle between breaking wave and 
shoreline, sin 2 2 /bs sy x     , the governing equation of one line model Eq. (2.3) is 
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As can be seen in Eqs. (3.14) and (3.15), the diffusion coefficients, 1 and 2 , are 
intensely related to not only breaking wave height, bH , but also the longshore sand 
transport coefficients, K1 and K2. According to Eq. (3.13), Crank (1975) presented the 
stability condition of numerical model when using an explicit solution scheme as Eq. 














                                        (3.16) 
 
3.5.3  Wave transformation calculation 
According to Eq. (3.6), the longshore sediment transport formula is characterized by 
the wave conditions at the breaking point. For this reason, the evaluation and calculation 
of the breaking wave height and direction alongshore the coastline is an important process. 
Accordingly, the wave transformations, which refer to changes of wave characteristics 
during wave propagation toward the shoreline, need to consider effects of refraction, 
shoaling, diffraction, etc. of waves. In general, a technique using wave rays is used to 
visualize the wave propagation. In this technique, by considering two rays closely spaced 
together, the change in wave direction along the ray from a reference depth to shallow 
water is estimated and the wave height variation effected by refraction can also be 
identified. Detailed description has been presented in Maruyama and Kajima (1983).  
Hereafter, the wave ray method for wave transformation can be outlined as the 
following descriptions.  
According to Fig. 3.22, the (x,y) coordinate system is transformed basically to (s,r) 
coordinate where s is along-ray coordinate and r is wave crest line, the relationship 











Fig. 3.22 Wave rays, crest lines and coordinates (Maruyama and Kajima, 1983) 
 
Moreover, when considering the distance between two adjacent wave rays, b, Eq. 






                                                 (3.18) 
 
Because both Eqs. (3.17) and (3.18) involve α, a second order differential equation 













                                        (3.19) 
 
As can be seen in Eq. (3.17), the second term relates the wave velocity in r-axis 
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                                                 (3.21) 
  
In addition, if defining / ob b   where ob  is an initial reference spacing of the wave 
ray at the deep water, Munk and Arthur (1952) derived the following second order 
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If the energy flux exists between two wave rays, the conservation of energy is given 
by 
 
g o go oEC b E C b                                                 (3.25) 
where 2 / 8E gH L , is the total average energy per unit surface area; gC is group 
velocity; and subscript “o” denotes the values at the deep water.  



























                                                  (3.28) 
 
where sK  is the shoaling coefficient; and rK  is the refraction coefficient. 
In all, similar to Eq. (3.26), the height of breaking waves which have been 
transformed by shoaling and refraction is calculated as the following equation 
 
b s r refH K K H                                                 (3.29) 
 
where Href is wave height at the offshore reference depth or nearshore reference line (Frey 






















CHARACTERISTICS OF PERIODICAL SHORELINE RESPONSE 




In South Central Coast of Vietnam, Nha Trang Coast has indicated signs of severe 
erosion in recent years. As discussed in Section 3.2.1, the development of the right-hand 
side river mouth sandspit at the Cai River was observed and recognized as the principal 
source of sediment to the coast long time ago (Inman and Harris, 1966; Szczuciñski et al., 
2005). However, this mouth has been suffered erosion and its sandspit has also 
disappeared in recent years. Therefore, in order to investigate the cause of the shoreline 
recession, the long-term morphological changes at the Cai River mouth is presented based 
on the analysis of satellite images.  
In addition, due to influence of seasonal waves, the periodical shoreline variation is 
believed to be one of the distinct features on Nha Trang Coast, and hence that is an 
interesting point attracted several researchers. Although many past studies have shown 
shoreline evolution on this coast, investigations discussing detailed process of 
morphological change remain insufficient for a conclusion about the mechanism of 
coastal erosion and its relation to climate characteristics in this area.  
By using the time-averaged images of the video-camera monitoring system, this 
chapter aims to analyze the continuous changes of the morphology in the north area of 
Nha Trang Coast, where a part of sandy beach disappears during several months every 
year. In addition, in order to gain a better understanding about the overall of 
morphological change on this coastal area, shoreline change adjacent to the breakwater of 
military port in the south area is also analyzed from the extraction of satellite photographs 
of Google Earth.  
Furthermore, the EOF (Empirical Orthogonal Function) analysis is also included to 
decompress the dominant processes of shoreline variation on Nha Trang Coast, especially 
seasonal longshore variation process.  
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4.2. Long-term morphological change of river mouth sandspit and its influence on 
beach erosion based on satellite photograph analysis 
 In order to facilitate the mapping of long-term morphological change at the Cai River 
mouth, a series of Landsat images from 1988 to 2015 was collected and rectified to a 
coordinate system with the baseline set at 172 degrees counter-clockwise to the North in 
the WGS-84. The rectification processes were performed based on the idea of using one 
image as a reference and adjust other images to match the reference (Hall et al., 1991; 
Duy et al., 2016). The transformation processes of Landsat images are similarly to that of 
video-camera image analysis as presented in Chapter 3. 
As can be seen in Fig. 4.1(a), there was a long sandspit at the Cai River mouth in 
1968, where used to be the residence of local fishermen. The formation of a local 
community probably showed the stable development of this sandspit. According to this 
figure, the protrusion of beachside concrete blocks playing a role similar to groin to 
protect area H, that is now the hotel area as showed in Fig. 4.1(b), can be observed. Its 
role was more apparent in Fig. 4.1(b) that also showed the disappearance of river mouth 
sandspit in 2012. Therefore, these structures can be seen as downdrift boundary to 
investigate the area of sandspit. 
Time series of typical satellite images consisting of Landsat images and higher 
resolution of Google Earth images taken at the Cai River mouth were presented in Fig. 
4.2. The waterlines in 1988 were plotted in the subsequent images to observe long-term 
morphological change of this river mouth. In an overview, the noticeable morphological 




                               (a) 1968                                                            (b) July 2012 




(a) June 08, 1988 (Landsat)                            (b) June 17, 1997 (Landsat) 
 
 (c) November 14, 1999 (Landsat)                 (d) March 24, 2002 Google Earth) 
 
 (e) August 13, 2003 (Google Earth)                (f) August 26, 2006 (Google Earth) 
 
(g) January 22, 2012 (Google Earth)                (h) March 15, 2015 (Google Earth) 




Fig. 4.3 Definition of the quantities used to investigate morphological change  
at the Cai River mouth  
 
 
Fig 4.4 Temporal variations of the sandspit’s area at the right side of river mouth (A) and 




The detailed description of its temporal variation was described in Fig. 4.4, which the 
quantities used to investigate the morphological change in the Cai River mouth were 
schematically defined in Fig. 4.3. According to Fig. 4.4, the river mouth sandspit’s 
evolution in this study was generally divided into three main periods due to the different 
impacts to its development. At first, from 1988 to 1999, the river mouth morphological 
change was a natural process. In 1988, there was a sandspit on the right of the river mouth 
and it was generally stable until 1996. However, in the end of the years 1996, 1998 and 
1999, the extreme floods occurred in the Central of Vietnam, including the study site. As 
a result, a large amount of sediment from the river moving upstream to downstream 
caused the accretion of the river mouth sandspit in these years; therefore, the increasing 
sandspit’s area (A value) can be observed.   
Secondly, due to sand excavation for a landscape renovation projects on both sides of 
the river bank which started from the end of 1999, the morphological change at the Cai 
River mouth was mainly affected by human activities from 2000 to 2009. As a result, the 
gradual erosion of the right river mouth sandspit can be observed during this period. 
Moreover, with the quantities under considerations, alongshore coordinate of the right 
river sandspit’s tip (xR) had a increasing trend. It is obvious that this increasing trend 
represents the rightward movement of the sandspit. In addition, a flood also occurred in 
2006, resulting a slight increase of the area of sandspit. After that, the change in the river 
mouth sandspit caused by storm waves occurred in November, 2008 with erosion of 
sandspit’s area and it was moved upstream into below the bridge that has been connecting 
both sides of the Cai River (Kobayashi et al., 2017). Finally, due to the sand excavation, 
this sandspit has been disappeared from the end of 2009. Therefore, the right river 
sandspit and its tip remained stable, and the stable area of the sandspit has been an area of 
the park at the right river mouth since 2010. In addition, although the difference in the 
resolution between the Landsat and Google Earth images is significant, the results 
obtained from both types of these satellite images show a similar trend. 
It can be seen that the higher resolution images from Google Earth as shown in Fig. 
4.2 permit to improve the capability of investigating shoreline variation. Therefore, 
shoreline behavior in the area adjacent to the right side of the hotel was analyzed and 
described in Fig. 4.5, and then its relationship with the river mouth sandspit was also 
discussed below.   




Fig 4.5 Temporal variation of shoreline position at an example cross-section C-C (60 m to 
the right side of the hotel, as shown in Fig. 4.2) 
 
Between 2002 and 2007, the existence of the right-hand side river mouth sandspit was 
observed, and the erosion was not apparently on those days. In which, a sandy beach with 
about 20-meter width can be observed based on representative shoreline position in the 
northeast (NE) monsoon season in 2002.  However, the observation of the shoreline in 
2012, a river mouth sandspit disappeared, resulting in insufficient sediment supply to the 
beach, and hence the retreat of shoreline occurred and reached to coastal shore protection 
(sea-dyke) in the area adjacent to the right side of the hotel. Moreover, the shoreline 
retreated to the hotel which is protruding towards the sea, and it pushed out in the shape 
of a convex by shore protection constructed along this place, and thus a beachside hotel 
has a function similar to a groin to this coastal area. The role of this hotel will be further 
clarified in Section 4.5. In addition, recovery of the shoreline can be observed based on 
the representative shoreline positions in the non-monsoon season (orange markers) which 
are higher position than that in the NE monsoon period (red markers). An interesting 
point has been found that seasonal change of shoreline can be noted as a vital feature on 
Nha Trang Coast. 
However, the satellite photographs, which were analyzed above, are taken 
sporadically. For this reason, it is difficult to understand the details of morphological 
change processes. In order to get more insight into the continuous shoreline change with a 
short time interval, a series of the fifteen-minute time-averaged images taken from a 
video-camera monitoring system over 3 years is analyzed and discussed in detail in the 




4.3. Seasonal morphology change analysis through a video-camera monitoring 
system 
4.3.1  Seasonal variation of shoreline position 
The continuous images of the video monitoring system installed in the north area are 
utilized to extract shoreline position. The overview of coastal morphology change of 
about 640 m in length of coastline in the area combined by both the northern and the 
southern cameras is shown in Fig. 4.6.  
According to Fig. 4.6, the most significant morphological change occurred along the 
first 200 m of the beach. Here, severe erosion can be clearly observed when shoreline 
retreats to the hotel, and it pushed out in the shape of convex by shore protection installed 
in this place, and has a function similar to a groin to a coastal area. Then, a complete 
disappearance of sandy beach can be observed in several months when shoreline reaches 
to the sea-dyke slope at y = 5 m between December and February as dashed lines in Fig. 
4.6. Considering this, the location of the leading edge of the sandy beach at a longshore 
distance of around 150 m from the hotel as well as a stable shoreline wedge toe can also 
be observed during these months. 
 
 
Fig. 4.6 Shoreline behavior in the northern Nha Trang Coast (Background photograph is 
Google Earth image taken on February 01, 2014) 
 
In order to discuss clearly about the variation process of the morphology in the north 
area, temporal variation of shoreline position at some transects alongshore is presented in 
Fig. 4.7. These results are obtained based on the shoreline extracted from a 40-month 
time series of camera images. The following descriptions will be discussed the 




Fig. 4.7 Temporal variation of shoreline position in the northern area. The southern 
camera covering the area from x > 330 m was destroyed by the thunderbolt; therefore, the 




At first, shoreline advanced from May 26, 2013 to the end of September 2013. 
However, in the next months, the severe retreat of shoreline can be observed until 
December 2013. Following that, shoreline reached to the sea dyke and the sea-dyke slope 
was completely exposed; thus, a part of sandy beach completely disappeared between 
December 2013 and February 2014. Subsequently, the recovery process of the coastal 
morphology occurred slightly from February to May 2014, and that extended until 
September 2014 with the significant advance of shoreline. In contrast, the severe erosion 
of shoreline position can be once again observed in the second year from the end of 
September 2014 to February 2015, and it also reached to the sea dyke in several months, 
and of course, a sandy beach cannot be observed. Similar process of the morphological 
change can be observed in the next years; namely, shoreline advanced in the 2015 and 
2016 non-monsoon periods while shoreline retreated in the 2016 northeast monsoon 
period. 
In summary, in the north area of Nha Trang Coast, the advance of shoreline occurs 
during the non-monsoon period whereas shoreline retreats during the northeast monsoon 
period. As a consequence, the shoreline variation evidently exhibits seasonal trends. This 
phenomenon is similar to seasonal variation with summer accretion and winter erosion on 
some beaches which are presented in the several studies such as Lemm et al. (1999) and, 
Masselink and Pattiaratchi (2001).  
In addition, the amplitude of shoreline variation is also shown in Fig. 4.7. Shoreline 
position adjacent to the hotel changed more significantly than shoreline position in the 
region far from the hotel. The reason is that the shoreline evolution is influenced by wave 
diffraction near structures. The amplitude of shoreline variation in the region close to the 
hotel (x < 100 m) is more than 30 m and gradually decreases to the right side. The smaller 
amplitude of shoreline change with about 10 m can be observed in the region far from the 
hotel (x > 250 m). 
 
4.3.2  Seasonal characteristics of surf zone and its relationship with shoreline 
evolution 
By using the fifteen-minute time-averaged images, this study not only analyzes the 
variation of shoreline position but also extracts the breaking point. The surf zone, which 
is characterized by wave conditions, is therefore investigated. The detailed description 
about the surf zone extraction procedures is presented in Section 3.3.2.    
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Fig. 4.8 shows the temporal variation of breaking point at two transects alongshore 
represented each region covering by each camera (x = 230 m and x = 400m). This figure 
indicates that the breaking points tend to move away from the shoreline position, 
resulting in the wider surf zone during the northeast monsoon period. In contrast, the surf 
zone is narrower during the non-monsoon period; namely, the breaking points are very 
close to the shoreline position.  
 
 
(a) Northern image area 
 
(b) Southern image area 




Fig. 4.9 Temporal variation of average shoreline position ( ys ) and average width of surf 
zone (W). Dashed blue lines represent average width of surf zone in each monsoon season 
 
 
                (a) May 2013 ~ Feb 2014                              (b) Mar 2014 ~ Jan 2015 
Fig. 4.10 Relationship between  ys and W  
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The interaction of shoreline and breaking position variations can be represented in 
figure of average width of surf zone that is averaging distance between shoreline position 
and breaker line position (Fig. 4.9). According to this figure, the average widths of surf 
zone in the northeast monsoon season and the non-monsoon season are 23.9 m and 4.9 m, 
respectively. As can be seen in Fig. 4.9, the periodical variation of not only the shoreline 
position but also the surf zone can be observed obviously. It seems that the variation 
process of the surf zone may be responsible for the seasonal shoreline response in this 
coastal area. 
More detail on a comprehensive relationship between the average width of surf zone 
(W) in this study area and the average shoreline position ( ys ) in region x ≤ 300 m is 
presented in Fig. 4.10. According to this figure, the first day and the last day of the 
calculated data for corresponded seasons are denoted by “●, ▲” and “●, ▲”, respectively. 
The results indicate that the representative values for this relationship in the period of 
non-monsoon are characterized for the narrow surf zone corresponding to the advance of 
shoreline. In contrast, the representative values in the period of northeast monsoon are well 
documented the larger surf zone induced by the strong waves corresponding to the retreat of 
shoreline. 
 
4.4. Relationship of shoreline evolution between the both ends of the coast and its 
relationship with monsoon wave climate 
Shoreline is continuously moving in response to several major factors such as winds, 
waves, sediment supply, etc. On the beach bounded at the both ends by groins or 
headlands, under influence of seasonal winds and waves, longshore transport can reverse 
direction at varying scales depending on geomorphology or the effect of monsoon waves 
in long-term period or short-term period. For this reason, the opposite behavior of 
shoreline in the northern and southern ends in response to the change of wave direction 
can be observed.  
Similarities in shoreline response to seasonal waves can be recognizable in the Nha 
Trang beach. At the northern end of the beach, many video-camera images were taken 
and that show the morphological changes corresponding to seasonal waves as discussed 
in the above section. At the southern end of the beach, an investigation of shoreline 




Fig. 4.11 displays shorelines extracted from satellite photographs of Google Earth in 
the south end area. Unfortunately, there are no continuous satellite photographs taken on 
this coastal area. As a result, the extraction of these satellite photographs is generally not 
sufficient to clarify beach morphology in the vicinity of the southern breakwater. 
Although the southern shoreline position was not significantly changed, the seasonal 
evolution of the examined shoreline positions can be observed. A concave shape of the 
beach in June 2013 (blue line) and flatter shapes of the beach at the positions near the 
breakwater in both February 2014 (dashed yellow line and black line) and March 2014 
(red line) suggested that the erosion in the south end area occurred in the non-monsoon 
season (from March to September) and the deposition occurred in the NE monsoon 
season (from October to February). More details will be discussed later in Fig. 4.13 that 
shows relationship between the morphological changes and wave characteristics on Nha 
Trang Coast.  
 
 
Fig. 4.11 Shoreline change in the southern end area of Nha Trang Coast (Background 
photograph is Google Earth image taken on February 01, 2014) 
 
Furthermore, waves are generally driven ashore by the prevailing winds. Therefore, 
before discussing the characteristics of periodical shoreline response to seasonal waves, 
wind climate was also examined in advance as shown in Fig. 4.12 that presents its 
relationship with wave characteristics. In this figure, wind data observing from June 2005 
to December 2015 were obtained from wind station at Nha Trang Airport located in 
inland near the breakwater of military port in the south. Generally, Nha Trang Coast is 
dominated by monsoon climate, the strong northeast winds generated the high waves 
from northeast are dominant during the northeast monsoon period from October to March. 
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Conversely, the east-southeast wind is comparatively calm and generally expected to 
begin around March and fade away by the end of September; hence, calm waves are 
dominant and the direction is east or southeast during this period. Normally, March and 
September are the transition months from the northeast to non-monsoon seasons and from 
the non-monsoon to northeast monsoon seasons, respectively. In other words, wave 
conditions coincide well with wind theory on Nha Trang Coast. 
 
 




Fig. 4.13 Relationship between shoreline, surf zone and wave conditions in Nha Trang. 
Monthly-averaged (a) significant wave height, (b) wave direction, (c) surf zone width. 
Shaded zones stand for standard deviation    
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Fig. 4.13 presents relationship between the evolution of shoreline, the variation of surf 
zone and the change of climate characteristics on Nha Trang Coast. Besides, by 
considering the detailed process of shoreline change in the north end area (Fig. 4.13d) 
together with using the results of shoreline change in the south end area (Fig. 4.13e), the 
morphological change in the south end area can be discussed clearly.  
According to Figs. 4.13(a) and 4.13(b), it can be seen that the southward high waves 
generated by strong northeast monsoon have caused the increase in the width of surf zone 
(Fig. 4.13(c)) and this condition contributes to the transport of longshore sediment from 
north to south. As a consequence, this results simultaneously in the retreat of shoreline in 
the north area and the advance of shoreline in the south area. Furthermore, Nha Trang 
Coast is frequently affected by typhoons occurring from October to December, and this 
also contributes to the increase of wave intensity resulting in the severe erosion during 
these months of the northeast monsoon season. Unfortunately, due to the extreme weather 
with heavy rain and strong winds during the typhoons, the video system could not record 
the high-quality images, and therefore the shoreline response to the typhoons could not be 
discussed in detail in this study.       
On the contrary, in the non-monsoon period, the calm waves resulted the narrow-
width surf zone might cause longshore sediment transport from south to north. As a 
result, the beach morphology tends to be recovered in the north area in response to the 
northward-moving shoreline, i.e. the shoreline retreat in the south area during the period 
of non-monsoon.  
Additionally, as discussed above in Section 4.3.1, the northern shoreline is 
characterized by the concave shape of the beach with severe shoreline erosion reaching to 
sea-dyke slope in the area adjacent to the hotel (x < 150 m), and the amplitude of 
shoreline change decreases gradually with increasing alongshore distance. Considering 
this, the results of standard deviation shown in Fig. 4.13(d) described well the range of 
seasonal shoreline change and also agreed with the results of time-variation of shoreline 
position as presented in Fig. 4.7.          
Based on the relationship described in Fig. 4.13, it is obvious that the seasonal 
variation of shoreline on Nha Trang Coast is characterized by the seasonal variation of 
wave conditions relating to the monsoon characteristics. Besides, the obvious opposite 
behavior on the northern and southern ends in response to the change of wave direction is 
an important characteristic for recognizing alongshore process dominated on Nha Trang 
Coast. In order to assess whether if the processes are alongshore or cross-shore dominated 
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as well as establish whether the seasonal variation dependent on monsoon season, the 
EOF analysis technique is utilized and discussed in detail in the next section.    
 
4.5. EOF analysis on the seasonal longshore variation of coastal morphology 
In this study, the EOF analysis technique is used to decompose the time and spatial 
variations of the shoreline position into different components in order to distinguish 
longshore movement and cross-shore movement of the shoreline. In this manner, the 
effect of coastal structures on the beach is also investigated. The detailed methodology of 
EOF analysis in separating the temporal and spatial dependence of the shoreline data has 
been presented in Chapter 3. In addition, although the lack of data of the southern camera 
image results in the short-term investigation of the shoreline there, the 14-month time 
series of shoreline data extracted from both camera images can be enough to use as input 
to the EOF analysis for examining seasonal shoreline variation in a large area.    
According to results of the EOF analysis, the contribution rate of the first component, 
which is linked to the longshore sediment processes, is 89%. Although the remaining 
components account for nearly 11% of the total shoreline variability, these results are less 
physical meaning than the first EOF component; therefore, a detailed discussion is not 
warranted.  
As indicated in Fig. 4.14(a), the dominant spatial characteristic describing by the first 
spatial eigenfunction, e1(x), has a function similar to a linear trend which reflects the 
tendency of shoreline variation at a region adjacent to 300 m in length from right side of 
the protrusive hotel and concrete blocks. The associated temporal eigenfunction, c1(t), 
plotted in Fig. 4.14(b) exhibits the advance of shoreline in the non-monsoon period and 
the subsequent retreat in the northeast monsoon period; as a result, this variation 
corresponds to the wave characteristics in each monsoon season. 
Fig. 4.15 shows a good agreement between half amplitude of shoreline variation  from  
the  measured  data  and  amplitude  of  shoreline variation from the combination of 
e1(x)c1(t)max , confirming that the gradual decrease of alongshore amplitude or a 
persistent linear trend can be observed. The similarities in beach evolution as described 
by the first EOF component are recognizable in the vicinity of littoral barriers such as 
groins or jetties where shoreline tends to get an accretion of sediment on the updrift side 
of the structure and erosion downdrift. In this way, Figs. 4.14(a) and 4.15 therefore 




(a) The first spatial eigenfunction, e1(x)  
 
(b) The first temporal eigenfunction, c1(t)  
Fig. 4.14 The first component of EOF analysis 
 
 
Fig. 4.15 Good relationship of e1(x)c1(t)max with half amplitude of shoreline variation from 




Fig. 4.16 The combination of temporal and spatial eigenfunctions of the first EOF 
component, e1(x)c1(t)  
 
 
Fig. 4.17 Excellent agreement of relationship between measured shoreline data and the 
first component of EOF analysis 
 
the northeast monsoon erosion and the non-monsoon accretion are obviously playing a 
role similar to a groin. 
In order to emphasize the interdependence of the spatial and temporal eigenfunctions, 
Fig. 4.16 presents the variability of shoreline position from average position based on the 
combined eigenfunctions of the first component (e1(x)c1(t)). According to this figure, the 
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most obvious features are the seasonal variation of shoreline position and the region of 
enhanced variability adjacent to the groin. In addition, comparison between the measured 
shoreline and a combination between the average shoreline position and the first 
component, (yത(x) + e1(x)c1(t)), plotted in Fig. 4.17 describes an excellent agreement in 
this comparison. In other words, it is clearly observed that the first component of the EOF 
analysis can reproduce the original shoreline variation satisfactorily. Obviously from the 




 According to the results of satellite image analysis, coastal erosion was not apparent 
during the first half of the 2000s, and the development of a sandspit at the right-hand side 
river mouth was observed. The sandspit completely disappeared in 2010 due to not only 
wave action but also the sand excavation for landscape renovation project in the previous 
years, and hence erosion in northern part of the beach occurred. As a consequence, it can 
be noted that the erosion in recent years revealed by degeneration of the river mouth 
sandspit. In addition, an interesting point is that shoreline change seems to be seasonality. 
But the detailed process of shoreline variation with a short time interval is not clearly 
understood. Consequently, this chapter mainly analyzes the continuous change of 
shoreline in the north area of Nha Trang Coast using the video-camera technique. Over 
3.5-year time series of the fifteen-minute time-averaged images taken by the video-
camera system for covering over 600 m in length of the beach are utilized for extracting 
shoreline. The following conclusions have been made. 
 
1. Interpretation of video-camera image data permits to distinguish the retreat and 
the advance of shoreline which appear to be especially sensitive to seasonal 
variation of climate characteristics. Under the influence of the northeast monsoon 
over the coastal areas of Nha Trang, the southward high waves have caused the 
retreat of shoreline in the north and the southern deposition. The concave shape of 
the beach in the north area of Nha Trang Coast is formed as well as a part of sandy 
beach with more than 150 m in length disappears in several months. The most 
severe erosion occurs in the area near the hotel which has a function similar to a 
groin at the coastal area. An opposite behavior of shoreline is in the period of non-
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monsoon; namely, the northward waves are comparatively calm, the recovery 
process of shoreline can be observed.  
 
2. Moreover, the width of surf zone, which is characterized for breaking wave 
conditions on this coast, is also investigated from the analysis of camera images. 
The average width of surf zone in the northeast monsoon period with the 
dominance of high waves is wider than that in the non-monsoon period with the 
prevailing calm waves. It becomes apparent that the seasonal variation of 
shoreline according to the seasonal variation of waves is one of the most 
important features on Nha Trang Coast. Especially, seasonal erosion mechanism is 
caused by the high waves generated by northeast monsoon. 
 
3. Accordingly, in order to understand more comprehensively the shoreline behavior, 
this study also analyzes the data of shoreline evolution by using the EOF analysis. 
The results of EOF analysis indicate that the contribution of the first component is 
about 89% out of total and most of the shoreline variability can be reasonably 
reproduced by the first component; therefore, the other components are negligible. 
Besides, the temporal and spatial eigenfunctions of the first component reflect that 
the processes at Nha Trang Coast causing the seasonal evolution of morphology 
are alongshore dominated and it corresponds to the changes of wave direction in 
each monsoon period. 
 
 
The periodical shoreline response to seasonal waves on Nha Trang Coast is investigated 
in Chapter 4. In reality, not only shoreline but also a major factor in quantifying shoreline 
change and sediment transport, the depth of closure is affected by seasonal waves. 
Detailed estimations of the depth of closure considering influence of seasonal waves will 










ESTIMATION OF DEPTH OF CLOSURE  
CONSIDERING INFLUENCE OF SEASONAL WAVES 
 
 
5.1  Introduction 
According to Kraus et al. (1998), the definition of the depth of closure can be 
understood in various ways depending on research objectives as discussed in Chapter 2. 
In general, it is a specified depth where there is small or non-existent of sediment 
transport and no significant change in bottom elevation. Consequently, the application of 
the depth of closure is necessary in predicting coastal morphology change and in 
quantifying sediment transport.  
In reality, the location of the depth of closure is difficult to identify with confidence 
since the change of bathymetry in deeper water is small and thus difficult to measure. 
From the literature, many investigations have been made to precisely estimate the value 
of closure depth. In general, these studies were firmly grounded on the idea of a constant 
value of depth of closure.  
More recently, Yagisawa et al. (2014) also presented an improvement of shoreline 
change model by changing the depth of closure according to every wave condition on 
Notsukezaki Coast, Japan, although this coast just effects by single wave direction. 
However, almost all definitions are believed that the depth of closure, which includes 
influences of a variety of physical phenomena to the seaward limit of the seasonal or 
multi-years profile fluctuations, should be evaluated over a longer period under impacting 
wave climate in a long period of time. In addition, the estimation of the closure depth 
associated with every wave characteristic is perhaps associated with the instantaneous 
longshore sand movement in order to identify the amount of sand bypassing groins 
(Hallermeier, 1978; Hanson, 1989; Kraus et al., 1998). This argument is appropriate with 
the study area of a groin field as in Yagisawa et al. (2014). Therefore, the change of the 
depth of closure according to every wave should be considered as the way to improve the 
model in a certain period of the study. 
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In addition, as the statements of Maksimchuk (1976), a beach profile in varying wave 
action is dominantly formed by a similar extreme wave condition. Then, Hallermeier 
(1981) defined the depth of closure based on the significant wave height exceeded with a 
probability of 0.137% of the time scale of interest (the 0.137% largest waves, ܪ௦଴.ଵଷ଻%). 
In the study area, the waves are simulated in an hourly interval, and hence the total 
number of the simulated waves in weekly is 168. Then, it cannot investigate ܪ௦଴.ଵଷ଻% 
because the exceedance probability at the first highest wave (the first rank) is larger than 
0.137% (namely, ൫1 168ൗ ×100%൯ = 0.59%). Similarly, if using the combination of each 
weekly data of 4-year waves, the exceedance probability at the first highest wave is also 
larger than 0.137% (namely, ቀ1 (168*4)ൗ ×100%ቁ = 0.149%). Therefore, the definition of 
the 0.137% largest waves is characterized relatively with a larger period. 
For these reasons, instead of obtaining the single depth of closure for a region as an 
ordinary method, which may be not appropriate to apply on the beaches experiencing 
seasonal monsoon climate, or the determination of the closure depth response to every 
wave, this study proposes an idea of using the depth of closure varying seasonally or 
monthly. 
This chapter attempts to determine the depth of closure considering the influence of 
seasonal waves, and compares its results with the calculation process without 
consideration of seasonal change.  
 
5.2 Estimation of depth of closure without seasonal change – single depth of 
closure 
Normally, if profile surveys are made with sufficient vertical and horizontal control, 
the depth of closure can be determined from beach-profile changes (Uda, 2010). 
Alternatively, if consecutive bathymetry data is unavailable, wave data also permits the 
depth of closure to be estimated. Among these, the first effective approach developed by 
Hallermeier (1978, 1981) was conducted using laboratory and field data. He proposed 
that the depth of closure can be the result of beach erosion caused by the largest waves, 
and thus the expression of depth of closure as shown in Eq. (2.2) relates to the extreme 
wave conditions. 
It is noted that, prior to the equation of Hallermeier (1978), the estimation of the depth 
of closure was a big challenge and also difficult to obtain a reliable value due to the 
scarcity of data. Most researchers rely on the wave height at breaking to determine the 
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closure depth such as Willis and Price (1975), Walton and Chiu (1979). Therefore, 
Hallermeier’s equation, Eq. (2.2) has been commonly used despite somewhat 
overestimate of the closure depth. After that, Birkemeier (1985) revised the Hallermeier 
(1978) equation using higher quality field measurements and a more appropriate 









                                              (5.1) 
 
where, similar to Eq. (2.2), Hs is the significant wave height exceeded with a probability 
of 0.137% (the 0.137% highest waves of the time), Ts is the associated wave period, and g 
is the acceleration due to gravity.                
In addition, the formulas of Hallermeier (1978) and Birkemeier (1985) for 
investigating the depth of closure are based on the beach composed of sediments ranging 
in diameter between 0.16 to 0.42 mm. This condition is consistent with the study area of 
this study, Nha Trang Coast, in which the effective grain size is 0.25 mm. 
On the other hand, another empirical equation based on investigations of several 
coasts in Japan was presented by Uda (2010). More detailed description and correlation 
among empirical formulas were presented by Widyaningtias (2012a).  
Altogether, several empirical formulas exist to identify the constant value of the depth 
of closure for a region. On Nha Trang Coast, the wave data are available as discussed in 
Section 3.2.4. Therefore, the calculation of the depth of closure in this study can be 
conducted by applying the empirical formula, Eq. (5.1).  
According to Section 3.2.4, it is noted that the wave data for the study area were 
collected at two main regions: (i) an offshore location and (ii) several locations along Nha 
Trang Bay. Therefore, both wave data sources are used to calculate the depth of closure 
and comparisons between their results are also included. The latitude, longitude and 
observation periods of these wave data locations are listed in Table 5.1. In the case 
without seasonal change, wave conditions gathering the northeast monsoon and the non-
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W1 12° 15.566' 109° 12.481' 8.94 
January 2013 – 
December 2016 
W2 12° 15.057' 109° 12.332' 10.74 
W3 12° 14.465' 109° 12.319' 14.24 
W4 12° 13.943' 109° 12.470' 16.86 
W5 12° 13.470' 109° 12.712' 18.72 
W6 12° 13.129' 109° 12.984' 21.01 
 
5.2.1  Investigating an extreme wave condition at an offshore location 
Wave simulations were begun in 1990 for an offshore location at a three-hour 
interval for 25 years period. As a first step in the calculation of Eq. (5.1), the 
0.137% exceedance probability of the 25-year time series of significant wave heights sH(  
or )%137.0sH  is required as a major parameter to define the depth of closure. In order to do 
this analysis, an exceedance probability curve, which specifies the probability of certain 
level of the significant wave height exceeding over a given time, can be constructed as 
depicted in Fig. 5.1. In which, the x-axis depicts the probability that the significant wave 
height sH will exceed a particular level, and the y-axis measures sH . For performing this 
calculation, it is noted that all these quantities are investigated from the entire data set 
comprising all three-hourly values of wave time series.  
According to Fig. 5.1, it can be seen that the significant wave height exceeded 0.137% 
of the time in the case of using the offshore waves (red line) is 4.33 m. The associated 
wave period with this wave height is 12.2 s.  
Following that, the depth of closure estimated using Eq. (5.1) together with offshore 




Fig. 5.1 Exceedance probability curve for significant wave height using both wave data 
sources at an offshore location and along Nha Trang Bay 
 
5.2.2  Investigating an extreme wave condition in Nha Trang Bay  
In this section, wave data have been gathered from six wave data locations along Nha 
Trang Bay as also listed in Table 5.1. Similar to the case of analyzing the offshore waves, 
the 0.137% exceedance probability of the 4-year time series of the significant wave 
heights is also defined by using an exceedance probability curve for the wave data in Nha 
Trang Bay and gives 3.16 m, and the associated wave period is 12.71 s. The exceedance 
probability curve to specify this result is also included in Fig. 5.1. Accordingly, a constant 
value of the depth of closure determined based on the investigation of wave data in the 
bay is 5.14 m. The values of the depth of closure estimated based on both wave data 
sources are summarized in Table 5.2.  
It can be seen the offshore wave data have a deeper predicted depth of closure than 
the data in the bay because they are based on a longer time interval. Moreover, other 
factor contributing to the difference of the predicted depth of closure is that the offshore 
wave data was also origin from a simulation. Then, it was used as input data for the 
simulation of wave propagation over the long fetch length towards the wave locations 
along Nha Trang Bay including the effects of local wind. In general, even if certain 
amount of error is inevitable, the difference of about 1.3 times between the depths predicted 
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c Offshore 4.33 12.2 6.78 
In Nha Trang Bay 3.16 12.71 5.14 
 
5.3 Estimation of depth of closure with seasonal change – seasonal and monthly 
depth of closure 
In the previous sections, the significant wave height exceeded 0.137% of the time is 
defined by using the wave conditions gathered in both seasons. As presented in Section 
3.2.4, Chapter 3, the wave climate along the shore of Nha Trang Coast is characterized 
typically by tropical monsoon conditions with a relatively strong seasonal component of 
the calm waves during summer (the period of non-monsoon) and the high waves 
generated by the northeast monsoon during winter. Therefore, it is necessary to 
investigate the difference of wave conditions between both seasons, especially the change 
of wave heights. Similar to the case without seasonal change, both wave data sources 
together with Eq. (5.1) are utilized for the calculation in this section. The discussion of 
effect of the southeast islands for calculation results of the depth of closure is also 
included. At first, the detailed investigation of seasonal offshore waves is given in the 
following section.   
 
5.3.1  Analyzing seasonal wave characteristics at an offshore location 
By separating wave conditions into two seasons with the dominant high waves from 
northeast and the prevailing calm waves from east-southeast, the extreme wave condition 
according to each monsoon season is examined. The difference of the 0.137% exceedance 
probability of significant wave heights for each monsoon season is shown in Fig. 5.2. 
Thus, this second approach provides two seasonal values of the depth of closure: Dc(NE)= 
7.0 m in the northeast monsoon period, and Dc(Non)= 3.7 m in the non-monsoon period. 
Summary of the depth of closure according to each monsoon offshore wave condition is 






Fig. 5.2 Exceedance probability curve for significant wave height according to northeast 
monsoon and non-monsoon waves at an offshore location  
 
Table 5.3 Summary of the estimated seasonal depth of closure using                               






Depth of closure 








4.59 11.31 7.0 
Non-monsoon 2.28 10.87 3.71 
 
As presented in Chapter 3, the southeast of Nha Trang Coast is characterized by the 
islands that can be seen as the obstacles to the east-southeast waves; hence, the 
calculation of the depth of closure by using the simulated offshore waves in the non-
monsoon season can be unreliable. In order to address this issue, a relationship between 
the depth of closure and the width of surf zone extracting from camera images is 
introduced in this analysis as follows. The following expression indicates that the 
variation of the depth of closure can be determined from breaking wave height, Hb 
 
c bD aH                                                       (5.2) 
 
where a is a correlation coefficient. Uda (2010) suggested the a value to be 2.5.  Besides, 
the wave height at breaking is given by  
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b bH h                                                       (5.3) 
 
in which hb is breaking depth and  is breaker index (  = 0.78).  
In addition, the following equation correlates beach slope, tanβ, with the breaking 





                                                        (5.4) 
 
Combining Eqs. (5.2), (5.3) and (5.4), the depth of closure can be simplified as 
 
tancD a W                                                  (5.5) 
 
Consequently, it is possible to estimate the depth of closure from the width of surf zone. 
In this study, by using the average width of surf zone in each monsoon season, the 








                                                  (5.6) 
 
where the average width of surf zone in the northeast monsoon period is about 23.9 m 
(Wഥ NE=23.9 m) while its value in the non-monsoon period is about 4.9 m (Wഥ Non=4.9 m). 
These average values were obtained based on the camera image analysis as presented in 
Fig. 4.9.  
By applying Eq. (5.6) together with the estimated depth of closure in the northeast 
monsoon period Dc(NE)= 7.0 m, the depth of closure in the non-monsoon period is 
reasonably recomputed and gives Dc(Non) =1.4 m. This new value is about 2.6 times 
smaller than the old one that shown in Table 5.3. In order to test the reliability in applying 
the width of surf zone for calculating the depth of closure, i.e. testing the viability of Eq. 
(5.6), the seasonal wave climate in the Nha Trang Bay, which was simulated in 
considering effect of the hindrance of the southeast islands, will be analyzed and 
discussed in the next section.    
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In addition, in order to minimize the sudden change of the depth of closure between 
both seasons when applying seasonal values in the second approach, the third approach in 
estimation of monthly depth of closure is also proposed in this study. In which, the 
monthly depth of closure in the northeast monsoon season, Dc(monthly NE), was predicted 
based on the 0.137% exceedance probability of the significant wave heights in each 
month of this period. In case of monthly Dc in the non-monsoon season, Dc(monthly Non), is 
calculated based on Eq. (5.6) and the monthly width of surf zone. Comparison of the 
estimated depth of closure using the offshore wave conditions between the first approach 
(single Dc), the second approach (seasonal Dc) and the third approach (monthly Dc) is 
described in Fig. 5.3. 
 
 
Fig. 5.3 Comparison of single, seasonal and monthly depth of closure based on analysis 
of offshore waves  
  
5.3.2  Analyzing seasonal wave climate in Nha Trang Bay   
As described in Fig. 3.7, waves in Nha Trang Bay show a seasonal variability with 
more energetic waves during the period of northeast monsoon and less energetic waves 
during the period of non-monsoon. Therefore, similar to the case of analyzing seasonal 
offshore waves, the seasonal characteristics of wave climate in Nha Trang Bay are also 
investigated by dividing wave conditions into two seasons. Of course, the calculation 
process is similar to the above analysis of seasonal offshore waves.  
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Comparison of the 0.137% exceedance probability of significant wave heights for 
each monsoon season in Nha Trang Bay is shown in Fig. 5.4. Then, using Eq. (5.1), two 
seasonal values of the depth of closure in this case are determined as: Dc(NE)= 5.38 m in 
the northeast monsoon period, and Dc(Non)= 1.78 m in the non-monsoon period.   
In the case of monthly depth of closure, the wave height exceeded by 0.137% of the 
waves under given monthly wave conditions in Nha Trang Bay have been also 
investigated based on the exceedance probability curve. Changes of the depth of closure 
in associated wave conditions in the bay of Nha Trang are summarized in Table 5.4. 
Comparison between single, seasonal and monthly values of the depth of closure in this 
case is plotted in Fig. 5.5. 
In the study area, Nha Trang Coast, Central Vietnam, there was no consecutive 
bathymetry data in order to investigate the variation of the depth of closure; therefore, 
comparison between the predicted and measured depth of closure varying monthly or 
seasonally is difficult to conduct in this study. Fortunately, the depth of closure in May 
2013 (Dc=2.78 m) was determined based on field measurements of Binh (2017). Based on 
the investigated wave characteristics in May 2013, the calculated depth of closure is 1.97 
m. The certain amount of error is inevitable. For example, Birkemeier (1985) shows the 
difference between the calculated and measured depth of closure varying from 0.1 m to 




Fig. 5.4 Exceedance probability curve for significant wave height according to northeast 




Table 5.4 Summary of the seasonal and monthly depth of closure according to wave 






Depth of closure 










3.32 12.71 5.38 







Jan 2.68 11.76 4.36 
Feb 3.23 11.76 5.18 
Mar 2.45 10.08 3.91 
Apr 1.67 9.34 2.72 
May 1.15 8.00 1.89 
Jun 0.78 6.44 1.28 
Jul 0.50 4.41 0.79 
Aug 0.83 5.88 1.33 
Sep 1.26 8.64 2.08 
Oct 2.43 14.23 4.08 
Nov 3.41 14.82 5.64 
Dec 3.26 12.71 5.29 
 
 
Fig. 5.5 Comparison of single, seasonal and monthly depth of closure based on analysis 
of wave climate in Nha Trang Bay  
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According to Table 5.3 and Fig. 5.5, the predicted depth in the non-monsoon season 
based on the 0.137% exceedance probability of offshore wave heights has a significant 
difference compared with the waves in Nha Trang Bay; namely, the depth is 
overestimated (more than twice) when using offshore non-monsoon waves. The main 
reason is that the existence of a large island in southeast contributes to generating the 
calmer waves in the bay than the offshore location and hence results in the smaller 
predicted depth. Consequently, it is important to note here that the non-monsoon waves 
simulated at the offshore location are not reliable to use for this calculation.  
In addition, according to Figs. 5.3 and 5.5, the 1.4-m depth of closure predicted in the 
non-monsoon season based on the width of surf zone is perhaps consistent with the 1.78-
m depth estimated using the 0.137% exceedance probability of wave heights in Nha 
Trang Bay. Therefore, in applications where the collected wave data used for calculating 
the closure depth is unreliable or available at inappropriate locations, it would probably 
be better to calculate Dc based on the width of surf zone even if a certain amount of error 
is inevitable.  
In this study, it is fortunate that the wave climate in Nha Trang Bay was also collected 
at several locations parallel to the shoreline. In addition, Hallermeier (1981) and Kraus et 
al., (1998) advised that the input wave height should be determined at a nearshore 
location (approximately 10-m depth) to satisfy the local wave height assumption of the 
calculation methods. Therefore, in order to ignore effect of islands as a hinder to wave 
propagation and minimize error in calculating wave transformation, the wave data in the 
bay should be used. Therefore, whole results of the depth of closure estimated based on 
the wave climate in the bay of Nha Trang as shown in Fig. 5.5 are utilized as input data 
for the calculations in the next chapters.  
 
5.4 Conclusions 
In this chapter, the depth of closure has been identified in consideration of seasonal 
characteristics of waves between the northeast monsoon season and the non-monsoon 
season. The following conclusions have been made. 
 
1. In case without seasonal change, the wave climate including both monsoon 
seasons has been analyzed to determine a significant wave height with the 
probability of exceedance of 0.137%. This significant wave height is likely 
represented as well for the northeast monsoon season due to the dominance of 
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high waves during this period. Therefore, the wave conditions representing the 
period of non-monsoon have been neglected in this stage. Of course, this neglect 
is unreasonable because the differences in wave conditions between both 
monsoon seasons are obvious. 
 
2. In case with seasonal change, by separating wave characteristics into two 
monsoon seasons, the 0.137% exceedance probability of significant wave height 
according to each monsoon season has been investigated. In which, the 
significant wave height for the northeast monsoon season is slightly different 
with that in case without seasonal change. On the contrary, in case of the non-
monsoon season, the distinct difference is there because the calm waves from 
east-southeast have been collected, i.e. removing the high northeast monsoon 
waves for investigation during this period.  
 
3. Because the application of a significant wave height for a region in the case 
without seasonal change and its value is overestimated during the calm wave 
period, the depth of closure is also overestimated in this period. Therefore, for 
the more reliable estimation, the depth of closure for the period of calm waves 
has been determined based on the non-monsoon significant wave height. Similar 
descriptions are for minimizing the sudden change of the seasonal depths at the 
transition months. 
 
4. In addition, if there is lack of reliable wave data, the depth of closure for 
corresponded seasons might be expressed as a function of seasonal variation of 
the width of surf zone that was extracted from the video-camera images. 
 
  
The essential reason why it is necessary to investigate the seasonal and monthly variation 
of the depth of closure has been presented in this chapter. The next chapter will provide 
insight in how the effects of using single, seasonal or monthly depth of closure through 
analyzing differences of longshore sediment transport mechanism according to each case 







SEASONAL VARIATION OF SEDIMENT MOVEMENT ON  
NHA TRANG COAST 
 
6.1 Introduction  
In Chapter 4, the impacts of the considerable seasonal variability related to waves 
play an important role in the seasonal coastal morphology changes. The evolution of 
coastal erosion or accretion in Nha Trang beach as well as in the general beaches is 
obviously involved in sediment transport process generated by the changes of wave 
characteristics between monsoon seasons. In this chapter, the mechanism of sediment 
transport related to seasonal variation will be investigated based on the historical 
shoreline data extracted from the continuous video-camera images.  
Additionally, for quantifying the rate of longshore sediment transport, the seaward 
depth limit for sediment transport (also called depth of closure, Dc) is a significant 
parameter as presented in Chapters 2 and 3. Normally, researchers have been firmly 
grounded on the idea of using single depth of closure to be well represented in 
quantification of this rate for a region. However, Chapter 5 indicates that it is necessary to 
investigate the seasonal or monthly variation of the depth of closure on the beach 
experiencing seasonal evolution. Consequently, in this chapter, the seasonal and monthly 
depth of closure will also be used in order to determine the rate of longshore sediment 
transport. Differences in mechanism of sediment transport according to each case of the 
closure depth will be clarified. 
 
6.2 Determination of longshore sediment transport rate without considering 
seasonal change 
Depending on the direction from where waves approach the beach, longshore sand 
transport can occur in both directions along the coastline. Nha Trang Coast is also not an 
exception in which the beach response is related to the strong northeast monsoon waves 
and the calmer east-southeast waves. As discussed in Chapter 4, the general shoreline 
behavior of the Nha Trang coastline is characterized by the dominance of seasonal 
longshore variation with two main different phases (the erosive and accretive phases).  
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In addition, the results of EOF analysis in Chapter 4 also indicate a role of the 
protrusions of a beachside hotel and the concrete blocks similar to groin at the northern 
coastal area. Therefore, regarding the computation of shoreline change based on a 
conservation equation of sand volume as Eq. (2.4), the protrusion of these structures 
causing the consequences of interrupting littoral drift can be seen as a suitable boundary 
condition to impose the quantity Q = 0 at the end of littoral cell. As a result, the 
determination of longshore sediment transport rate in the northern coast can be expressed 
as the following equation 
 





dx                                             (6.1) 
 
where, similar to Eq. (2.4), Dc is the depth of closure, DB is the height of berm (DB is 
assumed to be 2 m), ݔ is the longshore position, ݕ is the shoreline position changing on 
the cross-shore direction, t is the time. Besides, the result of temporal variation of 
shoreline position (∆ys /∆t) is obtained based on the extraction of the continuous video-
camera images during the 40-month period as presented in Chapter 4 (Section 4.3.1). 
Considering this, the coordinate system for computing the longshore sediment transport 
rate is also same which utilized for handling the data of video-camera images as described 
in Fig. 4.6.  
According to the estimated depth of closure as shown in Fig. 5.5 (Chapter 5), 
longshore sediment transport rates in the case without seasonal change, which are 
computed by Eq. (6.1) together with using single depth of closure (Dc = 5.14 m), are 
presented in Fig. 6.1. According to this figure, it is apparent that there are positive and 
negative quantities of longshore sediment transport, i.e. this figure indicates the difference 
in longshore sediment transport regime and direction between two monsoon seasons. To 
be more specific, the positive values represent the southward longshore sediment 
transport corresponding to the beach erosion in the northern coast, whereas the negative 






Fig. 6.1. Longshore sediment transport rate computed based on single depth of closure 
(simple case: without seasonal change) 
 
In order to know more details on the variation of longshore sediment transport rates, 
their temporal variation on the transections along the northern Nha Trang coastline are 
presented in Fig. 6.2. Some transections which are x = 100 m and x = 300 m representing 
the northern camera area in the long period while x = 500 m represents the southern 
camera area in the shorter period due to missing data. According to this figure, it is clear 
that the results of the directions of sediment transport coincide well with wave theory and 
the seasonal morphology changes on Nha Trang Coast that are analyzed in Section 4.4. In 
which, the southward longshore transport (positive quantity) generated by the strong 
northeast waves is dominant during the northeast monsoon season, and hence this 
condition is consistent with the northern coast erosion during this period. Conversely, the 
calmer waves from east-southeast would theoretically generate the northward longshore 
transport (negative quantity) resulting in the advance of shoreline in the northern area 
during the non-monsoon season. In addition, due to a stable shoreline wedge toe, i.e. no 
shoreline change around 150 m of alongshore distance caused by the retreat of shoreline 
reaching to the sea-dyke slope as described in Figs. 4.6 and 4.7 (Chapter 4), the stable 




Fig. 6.2. Time-variation of longshore sediment transport rate computed based on single 
depth of closure 
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Altogether, the computed longshore sediment rates in case without seasonal change 
clearly describe which directions of sediment are transported, and also provide 
information on the rates of these transports. However, as analyzed in Chapter 5, the 
research is ongoing in an idea of applying seasonal or monthly depth of closure to be able 
to test the predictability of equation for seasonal longshore sediment transport. The next 
section aims to compare estimates based on the seasonal and monthly depths of closure to 
the results calculated using a constant value of the depth of closure.     
 
6.3 Evaluation of longshore sediment transport considering influence of seasonal 
waves 
Similar to the above calculation procedure, the results of seasonal and monthly depth 
of closure using in this section are also shown in Fig. 5.5 (Chapter 5). By applying Eq. 
(6.1) to compute the longshore sediment transport rates according to the depth of closure 
varying seasonally and monthly, the findings derived from the case of considering 
seasonal change in this section can be compared to the conclusions reached in the above 
section (Section 6.2) from the case without seasonal change. This comparison is described 
in Fig. 6.3. 
In fact, both two cases with- and without-seasonal change indicate the seasonal 
mechanism of longshore sand transport on Nha Trang Coast. The southward and 
northward of longshore sediment transport can be obviously observed during the 
northeast monsoon season and the non-monsoon season, respectively.   
Furthermore, the computed rates of longshore sediment transport during the period of 
northeast monsoon in all cases of depth of closure are slightly different. The reason is that 
the depths of closure represented months or entire period of the northeast monsoon have 
no significant difference compared to its constant value as described in Fig. 5.5 (Chapter 
5). This also correlates to the negligible difference of the significant wave conditions 
investigated in these cases. 
However, the main difference of the comparison in Fig. 6.3 is that in the non-
monsoon period. Due to the deeper depth of closure in the non-monsoon season when 
using single value, the rates of longshore sediment transport during the periods of non-




Fig. 6.3. Comparison of the computed longshore sediment transport rates in cases of 
single, seasonal and monthly depth of closure   
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According to these results, it can be concluded that the seasonal directions of 
longshore sediment transport can be investigated well in all cases of the depth of closure, 
but its quantification is a matter needs to be reviewed. In order to get more insight into the 
effect of the overestimation of longshore sediment transport rate, an assessment of the net 
longshore transport in the area will be conducted in the next section.  
 
6.4 Effect of seasonal waves on net longshore sediment transport 
The difference between rates transported in either direction over a period of time can 
be understood as the net longshore sediment transport. The quantity of net transport is 
therefore useful in predicting the annual evolution of coastal morphology, especially at 
the beach with the dominant seasonal variability in the direction of longshore sand 
transport (Komar, 1998).     
According to the results of sediment transport investigated above, it confirms that the 
seasonal variability of longshore sediment transport mechanism is one of the most 
important features on Nha Trang Coast. Besides, it also shows the significant difference 
of the sediment transport rates between the cases of the depth of closure, which inevitably 
leads to the divergent quantity of net transport in a year. Therefore, the estimation of net 
longshore sediment transport rate after one year according to the cases of depth of closure 
is a necessary approach to Nha Trang Coast. As the net longshore sediment transport rate 
is the “time average” transport (U.S. Army Corps of Engineers, 2002), it is given by the 








                                                    (6.2) 
 
where T is the length of record, often taken at least 1 year; Q is the longshore sediment 
transport rate. The net longshore sediment transport rate, QNet , may be either directed to 
the right (looking seaward) and positive if the right transport (assigned a positive 
quantity) is larger than the left transport (assigned a negative value) or to the left and 
negative in value if the right transport is less than the left transport.   
In addition, according to the EOF analysis presented in Section 4.5 (Chapter 4), it is 
concluded that most of shoreline variability described by the first component of the EOF 
analysis based on the 14-month shoreline data is highly correlated with the shoreline 
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extracted from the video-camera images. Consequently, the net longshore sediment 
transport rate in one year computed based on the first EOF component will be a 
reasonable applicability. The following descriptions will be presented the estimation of 
QNet in detail. 
According to Eq. (6.2), the longshore sediment transport rate, Q, is calculated by Eq. 
(6.1). In which, temporal variation of shoreline position (∆ys /∆t)  can be reasonably 
described by the first component of the EOF analysis as presented above; hence, 
(e1(x)dc1(t)/dt) can be used as an approximate expression, and then the equation of 
longshore sediment transport rate Eq. (6.1) can be rewritten as      
     






dx                                      (6.3) 
 
At first, as discussed in Section 4.5 as well as observed in Fig. 6.4, the first temporal 
eigenfunction, e1(x), gradually decreases with increasing alongshore distance to the right 
of the groin (the protrusions of a beachside hotel and the concrete blocks). Therefore, a 
simple linear regression equation, as e1(x) = ax + b, is used as plotted in Fig. 6.4 (red 
dashed line). Then, the first temporal eigenfunction, e1(x), in Eq. (6.3) can be expressed 








ax2 + bx                                               (6.4) 
 
where ݔ  is the longshore position; ܽ  and ܾ  are coefficients; namely, the first spatial 
eigenfunction e1(x) = −3.341 × 10
-4x + 1.016 × 10-1. 
Secondly, the first temporal eigenfunction, c1(t), can be approximated using Fourier 





+ ෍{ai cos(iωt) + bisin (iωt)}
2
i=1
                          (6.5) 
 
where ai and bi are Fourier coefficients, ω is angular frequency (ω = 2π/365 day
-1). The 
values of the coefficients in Fourier analysis are summarized in Table 6.1. As can be seen 
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in Fig. 6.5, a simple expression using the first two terms of Fourier series has a good 




Fig. 6.4 The first spatial eigenfunction, ݁ଵ(ݔ), and its linear regression analysis   
 
   
 


















From Eqs. (6.4) and (6.5), the longshore sediment transport rate calculated based on 
Eq. (6.3) can be rewritten as the following equation   
 










         (6.6) 
 
Substituting Eq. (6.6) into Eq. (6.2), the rate of net longshore sediment transport 
according to each case of the depth of closure can be determined by the following 
equations. 
 
(i) For single depth of closure (in the case without seasonal change), and the period T 
is one year (T=365 days), QNet in this case is given by  
 










        (6.7) 
 
According to Eq. (6.7), due to the angular frequency ω = 2π/365 day-1, and then at         
T = 365 days: cos(iωt) = cos(i2π)  and sin(iωt) = sin(i2π) . Therefore, the term of 
∑ {ai cos(iωt) + bisin (iωt)}|0
T2
i=1  is taken to be zero. As a result, it is clear that QNet in this 




(ii) In case of considering seasonal change, as regards the seasonal values of the depth 
of closure, Dc(Non) and Dc(NE), corresponding to the period of the non-monsoon (TNon) and 
the northeast monsoon (TNE), the net longshore sediment transport rate computed based 

















                         




൩         (6.8) 
 
where TNon1, TNE, and TNon2 are similar to the monsoon periods shown in Fig. 6.5.   
 
(iii) On the other hand, if Dc1 , Dc2 , … , Dc12  are the depths of closure according to 
every month T1, T2, … , T12 in a year, the net longshore sediment transport rate using the 
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൩                (6.9) 
 
The net longshore sediment transport rates, which are calculated based on those above 
cases of the depth of closure, are presented in Fig. 6.6. This figure, which includes the 
rates of longshore sediment transport (solid lines) computed by Eq. (6.6) together with 
using seasonal depths, indicates its seasonal mechanism similar to the analysis in Section 
6.3. More importantly, there is distinct difference of net change with a significant amount 
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of variability between the cases without- and with-seasonal change. Observation from Fig. 
6.6 shows that the net rate computed by Eq. (6.7) is effectively zero due to merely 
considering a constant value of the depth of closure. Conversely, by analyzing the effect 
of seasonal variation of wave characteristics through applying the seasonal and monthly 
depth of closure, the net longshore sediment transport rates are positive quantities. 
Besides, differences in their positive quantities between the computations based on 
seasonal Dc (Eq. 6.8) and monthly Dc (Eq. 6.9) is generally quite small.  
Summary of a relationship between the net transport, QNet, and the depth of closure 
can be seen in Fig. 6.7. In this figure, D1 and D2 assume to be represented the depth of 
closure corresponding to each season (0 < D1 ≤ D2 = Dc(NE)), and QNet is computed at the 
transection x = 300 m from the hotel. It can be observed that QNet  decreases with 
increasing the rate of D1/D2. If D1/D2 is equal to 1, i.e. single depth of closure is used, 
QNet is zero, hence there is equilibrium of the deposition versus erosion rates of the beach. 
On the contrary, the positive quantities of net transport are clear to observe in cases of 
difference D1 and D2. 
 
 
Fig. 6.6  Seasonal- and Net-longshore sediment transport rates (solid lines are the 




Fig. 6.7 Relationship between QNet and depth of closure  
 
 
      Fig. 6.8 Location of resort’s pier. The pier is located approximately 900 m to the 
south of the breakwater, which is the south end of Nha Trang Coast. (Red                
arrows depicted the southerly net longshore sediment transport                         
investigated in cases of seasonal and monthly Dc) 
  
If the net longshore sediment transport rate is positive in value, this would clearly 
result in a net southerly longshore transport; hence the implication of this result is that a 
net gain of sediment, i.e. the advance of shoreline from one year to the next in the 
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southern part of Nha Trang Coast is able to be expected. Therefore, an investigation of 
long-term shoreline behavior adjacent to a resort’s pier located approximately 3.6 km 
from the south of the camera position is performed using a set of satellite photographs 
from Google Earth. Location of the resort’s pier can be seen in Fig. 6.8. 
Fig. 6.9 shows the several rectified images from Google Earth between 2003 and 
2015. Structure in the center of images is the resort’s pier. In these figures, the relative 
change of shoreline to the existence of the resort’s pier can be observed, and that is the 
advance of shoreline.  
 
 
                   (a) August 13, 2003                                           (b) August 26, 2006 
 
                (c) February 28, 2014                                             (d) August 07, 2015 




Fig. 6.10 Temporal variation of shoreline position adjacent to right side of                     
the resort’s pier 
 
The detailed of the long-term temporal variation of shoreline position adjacent to the 
pier as plotted in Fig. 6.10 is obtained by removing shoreline data in the period of 
northeast monsoon, i.e. only describing shoreline variation in the non-monsoon period. 
As shown in this figure, the shoreline behavior in 13 years is analyzed using least square 
method. The shoreline advances as 0.36 m/year. This result, therefore, indicates that the 
net southerly longshore sediment transport (assigned by positive quantities) investigated 
in the cases of seasonal and monthly Dc  as presented in Fig. 6.6 is consistent with 
increasing the southern beach width. 
 
6.5 Conclusions 
This chapter has analyzed the seasonal mechanism of longshore sediment transport on 
Nha Trang Coast. Besides, in order to clarify effect of seasonal waves, the net longshore 
sediment transport rates have been computed based on the seasonal and monthly depth of 
closure and compared with its quantity using single depth. The following conclusions 
may be drawn. 
1. A considerable seasonal variability of longshore sand transport can be observed 
on Nha Trang Coast, especially the northern coastal area with erosion in relation 
to the southward sediment transport mainly during the period of strong northeast 
monsoon waves and deposition relating to the northward sediment movement 




2. The comparison for the rates of longshore sediment transport shows that its 
quantities in the non-monsoon period are overestimated by using a constant 
value of the depth of closure as compared to the two cases under consideration 
of seasonal change, i.e. seasonal and monthly Dc.  
 
3. Due to application of single Dc is inadequate to describe the sediment transport 
process, classifications of the depth of closure varying seasonally and monthly 
are more effective variables in predicting the quantity and direction of net 




The results of this chapter are analyzed based on the measured data such as the seasonal 
shoreline extracted from the video-camera images (Chapter 4) and the investigation of 
wave characteristics (Chapter 5) to check applicability of the seasonal and monthly depth 
of closure in clarifying the sediment transport mechanism and the trend of morphological 
changes. In order to obtain the more complete picture of the idea in applying the seasonal 
and monthly depth of closure, a shoreline change numerical model, which permits a 
generalization of the interaction of wave conditions, initial and boundary conditions in 


















NUMERICAL SIMULATION OF SHORELINE CHANGE 
 
 
7.1     Introduction 
In order to investigate interaction between waves, sediment and structural variables in 
the trend of shoreline change, a numerical model is proposed to simulate morphological 
changes. Among the shoreline change models, the one-line theory introduced by Pernald-
Considere (1956) has been commonly used (Hanson and Kraus, 1989). These studies, in 
general, have been firmly grounded on the idea that the depth of closure is assumed to be 
represented by a uniform depth in a region, although this depth can be varied under effect 
of waves. Therefore, this idea is not likely to be applicable in the case of seasonal wave 
climate; namely, the previous chapter applies an idea of using seasonal and monthly 
values of Dc for a better understanding of beach evolution affected by seasonal waves. To 
be more specific, the results indicate the different mechanisms of net longshore sediment 
transport comparing with using single Dc in calculation.   
Accordingly, a numerical simulation of shoreline change will be performed in this 
chapter in order to confirm the idea of using seasonal and monthly Dc as a further 
development from the single Dc. Detailed descriptions about the governing equation, 
discretization scheme and the stability of the numerical model have been presented in 
Section 3.5, Chapter 3. In addition, as presented in Chapter 6, the difference between the 
cases of seasonal and monthly Dc is comparatively slight; hence, these two cases 
sometimes can be called simply as the case of multiple Dc.   
 
7.2     Model implementation for Nha Trang Coast 
The initial shoreline in the numerical simulation was extracted from a Google Earth 
image taken on June 29, 2013. The model grid is approximately 4 km in length, and the 
full domain is positioned in UTM coordinates. Here, the model grid cell resolution was 




The wave data utilized as input in the model was the simulated wave data from 2013 
to 2016 at six locations (W1 ~ W6) along Nha Trang Bay. Therefore, a 4-year simulation 
was executed to evaluate the evolution of Nha Trang beach.  
Moreover, the berm height was assumed to be 2 m. Detailed of the beach and the 
coordinate system used for the simulation was plotted in Fig. 7.1. 
 
 
Fig. 7.1 Coordinate system for shoreline simulation. Red dots are wave locations (W1 ~ 
W6) in Nha Trang Bay. Red solid line is sea wall along the beach 
 
7.3   Model calibration to changes in the longshore sand transport coefficients, K1 
and K2  
Calibration of the model consists of adjustment of the longshore sand transport 
coefficients K1 and K2. Following that, measured shoreline was utilized to compare to 
calculated shoreline position for agreement. For adjustment of these calibration 
coefficients, Hanson and Kraus (1989) recommended ranges of their values based on 
modeling experience as follows: 0.1< K1 < 1.0 and 0.5K1 < K2 < 1.5K1. Besides, in order 
to address the instability of numerical model and the exaggerated shoreline change which 
may be calculated in the vicinity of structures, K2 is also not recommended to vary much 
beyond 1.0K1 in their report. 
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This study tested some couples value of K1 and K2 for the calibration. Here, the 
calibration was done by reproducing the shoreline change using a 4-year simulation from 
June 29, 2013 to August 31, 2016. Next, in order to test the predictive capability of the 
model, the verification calculation was made by comparing to the measured shoreline 
positions that were extracted from five available Google Earth images on February 28, 
2014; July 03, 2014; March 15, 2015; May 27, 2015; and August 07, 2015. 
The difference in calculated and measured shoreline position over 2 years (until 
August 07, 2015) with varying K1 and K2 is shown in Fig. 7.2. According to Figs. 7.2 (a), 
7.2(b) and 7.2(c), red dashed lines in three cases of using single, seasonal and monthly Dc 
show the closer agreements with the measured shoreline. However, the correlation in the 
case of single Dc seems to be lower than other cases.     
In addition, Fig. 7.2(d) displays differences of the calculated shoreline position obtained 
by varying the depth of closure in three cases corresponding to three fixed pairs of 
longshore sand transport parameters as described by the red dashed lines in three figures 
above. In which, although the best pairs of calibration parameters (K1 and K2) are used in 
the numerical simulation, the shoreline position calculated using the single depth of closure 
is not correlated with the measured shoreline. To be more specific, it can be seen that the 
seasonal and monthly Dc better describe the change in the immediate vicinity of the groins 
(the protrusions of hotel and breakwater). In addition, the calculation for the region 500 m 
to 1500 m along distance from the groin (hotel) shows a discrepancy. This is because the 
model could not describe fluctuations without relating the shore-normal transport to the 
incident wave conditions, while the beach, in fact, may be large short-term fluctuations in 
shoreline position.  
The detailed comparison of several calibration pairs is shown in Fig. 7.3. In this, 
difference in the calculated and measured shoreline position was tested in terms of root 
mean square error (RMSE) that were averaged based on a series of 5 values of RMSE for 
each pair of K1 and K2. This figure indicates that (1) the pair (K1=0.3, K2=0.3) is the best 
value (smallest RMSE) in the case without seasonal change (using single Dc, Fig. 7.3a), and 
(2) the pair (K1=0.4, K2=0.3) is the best value (smallest RMSE) in the case with seasonal 





Fig. 7.2 Difference in calculated and measured shoreline position over 2 years with 
varying K1 and K2. (d) The calculated shoreline position based on the best pairs of 




(a) Single Dc 
 
(b) Seasonal Dc 
 
(c) Monthly Dc 




7.4 The calculated longshore sediment transport rate 
Fig. 7.4 shows the results of the calculated daily longshore sediment transport rate in 
the study area from numerical simulation. According to this figure, it can be observed two 
main directions of longshore sediment transport with southward direction (positive) 
dominating during the NE monsoon period and prevailing northward direction (negative) 
during the non-monsoon period. This result is consistent with the measured rates as 
shown in Fig. 6.3. 
Due to difference in longshore sand transport coefficients (calibration parameters, K1 
and K2) between two cases (1) the case of single and (2) the case of seasonal-monthly 
depth of closure as shown in Fig. 7.3, it can be observed the different rates of longshore 
sediment transport between both cases. Additional reason of this difference can be come 
from the different shoreline orientation which varied during the entire period in each case.    
 
 
Fig. 7.4 The calculated daily longshore sediment transport rate 
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7.5 Model simulation for shoreline responses with and without seasonal change on 
the northern part of Nha Trang Coast 
Towards understanding the differences of using multiple Dc and single Dc in 
calculating shoreline change, temporal variation of the calculated shoreline position in 
these cases would be compared to the measured shoreline. In this section, the measured 
shoreline is the extracted shoreline through a 40-month time series of the fifteen-minute 
time-averaged images as described in Fig. 4.7 (Chapter 4). Consequently, the coordinate 
system used for plotting data of the calculated shoreline is same the coordinate system of 
the camera image analysis. 
Fig. 7.5 presents a comparison of the temporal variation of the calculated and 
measured shoreline position at three different transects alongshore (x=80 m, x=150 m, and 
x=200 m). Due to seasonal variation of wave conditions, the seasonal shoreline variation 
becomes apparent. However, there is an evident difference between the shoreline position 
calculated based on single and multiple values of Dc. To be more specific, the periodic 
variation of shoreline position predicted by single Dc shows smaller amplitude than 
shoreline position calculated by seasonal and monthly Dc.  
This difference is obvious during the 2014, 2015 and 2016 non-monsoon seasons when 
the beach estimated by single Dc advanced much slower than the beach estimated by 
seasonal or monthly Dc.  
In the model for shoreline simulation of this study, the assumption with constant 
profile beach change was employed, implying that all bottom contours are parallel (Larson 
et al., 1987). Therefore, it can be concluded that with the overestimation of single Dc for 
the non-monsoon period, the recovery process of the beach is slow and cannot reach to the 
real shoreline until the end of non-monsoon season as can be seen in Fig. 7.6. In order to 
confirm the reliability of using seasonal and monthly Dc, the measured shoreline extracted 
from camera images are also included in the plots. In which, due to the slight difference of 
longshore sediment transport rates between the cases of the seasonal and monthly depth of 
closure as shown in Fig. 7.4, the calculated shorelines between these two cases are slightly 
different and they have good agreement with the measured shoreline. Therefore, from the 
comparison with the measured shoreline data, it can be stated with confidence that the 









Fig. 7.6 Comparison of calculated recovery processes in the cases of single, seasonal     




Fig. 7.7 Time-variation of the end of erosion zone, xe 
 
Fig. 7.7 represents the time variability of the beach by means of the end of erosion 
zone (xe) estimated as an alongshore distance from the origin near the hotel. This term has 
been discussed in the literature from previous studies such as “leading edge of the sand 
body” (Itabashi et al., 1998) or sandy beach wedge toe (Viet et al., 2015). The single, 
seasonal and monthly Dc are also used to determine the values of xe. 
It is observed that the beach is highly eroded in the NE monsoon period when the 
erosion zone is expanded up to a distance around 150 m from the hotel. In contrast to the 
beach erosion, the southeast calm waves in the Non-monsoon period tend to restore the 
beach to its nearly original state which evidenced by narrower erosion zones. Moreover, 
attention should also be paid to the difference induced by using seasonal, monthly and 
single Dc. To be more specific, due to the slow recovery process of the beach as described 
in Fig. 7.6, the erosion zone in the case of single Dc appears earlier and in a longer period 
as well as its erosion tends to move far away from the hotel than that in two others. It is 
evidenced by the representative values from October 2015 to April 2016.  
Finally, according to Figs. 7.6 and 7.7, it is obvious that the differences in shoreline 
simulation between using seasonal and monthly Dc are generally not significant due to the 
slight difference of the calculated longshore sediment transport rates as shown in Fig. 7.4. 
In other words, good agreements with measured shoreline can be observed not only in 
case of seasonal Dc but also in case of monthly Dc. It is recommended that with the lack 
of field data, the seasonal Dc can be considered as a reasonable applicability instead of the 
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monthly Dc. Besides, the idea of single Dc is not likely to be applicable in the case of 
seasonal wave climate. 
 
7.6 Results of the calculated shoreline position on the southern part of Nha Trang 
Coast and its relationship with the calculated shoreline on the northern part  
Unfortunately, the measured shoreline data taking on continuous change have not 
been available in the south area; therefore, it is difficult to test predictive capability of the 
model in this region. Fig. 7.8 shows the relationship of the calculated shoreline between 
the both ends of the coast.  
 
 
Fig. 7.8 Time-variation of the average shoreline position calculated in each case of Dc:  
(a) the north end, and (b) the south end of the coast. Average shoreline positions were 
calculated in the region adjacent to 250 m alongshore at each end. Shaded zones stand  
for standard deviation 
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In general, the opposite shoreline behavior between the northern and southern ends of 
the coast is simulated and also recognized as one of the most important features on Nha 
Trang Coast. These results are consistent with the morphological change described based 
on the shoreline extraction from camera and satellite images as presented in Fig. 4.13. In 
which, the retreat of shoreline in the north area and the advance of shoreline in the south 
area occur during the northeast monsoon period and vice versa during the non-monsoon 
season. In addition, it is sure that the shoreline responses to the seasonal changes in the 
wave direction, resulting in the seasonal reversal of the longshore sediment transport 
direction at each end of the beach between both seasons. 
In summary, the relationship between wave characteristics, depth of closure, the 
change of surf zone, shoreline evolution and longshore sediment transport rate is 
described in Fig. 7.9. According to this figure, Fig. 7.9(a) shows seasonal variation of 
wave height. In which, the monthly variation of the 0.137% highest waves is also 
investigated. The associated wave period of the monthly 0.137% highest waves is plotted 
in Fig. 7.9(b).  
Based on the investigated 0.137% highest waves, the depth of closure varying 
monthly and seasonally are estimated as shown in Fig. 7.9(c). According to this figure, 
similar trend of monthly and seasonal variation of the depth of closure can be observed 
year by year. Besides, the predicted depth during the northeast monsoon season or the 
non-monsoon season every year is slightly different; therefore, the relevant 0.137% 
highest waves in each season in each year are also slightly different with other years. As a 
consequence, based on the 4-year wave data, the general trend of the depth of closure is 
computed as shown in Fig. 5.5.  
Fig. 7.9(d) shows seasonal variation of surf zone width and its average in each season. 
Especially, it can be observed the wider surf zone generated by the strong northeast 
monsoon waves.  
Fig. 7.9(e) presents seasonal variation of shoreline position between the measured and 
calculated shoreline. Besides, the different capability of predicting shoreline change in 
each case of the depth of closure is also included in this figure.  
Finally, Fig. 7.9(f) shows the difference in quantifying longshore sediment transport 
rates computed in each case of the depth of closure. The rates are overestimated when 




Fig. 7.9 Relationship between wave characteristics, depth of closure, surf zone, shoreline 
change and longshore sediment transport 
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7.7    Conclusions 
This chapter conducts a numerical modeling for shoreline change prediction based on 
the change of depth of closure corresponding to each monsoon condition. Following that, 
the idea of using seasonal or monthly depth of closure as a further development from the 
single value is confirmed and given following conclusions. 
1. At first, the model was calibrated using the extracted shoreline from several 
satellite images to find out the appropriate values for the pair of longshore sand 
transport parameters, K1 and K2. Then, the calculated shoreline in the 4-year 
simulation was also compared to the measured shoreline, which was extracted 
continuously based on a 40-month time series of video-camera image data in 
the most severe erosion area at the north end of Nha Trang beach. The results 
show that the single depth of closure underestimates the shoreline position, as 
well as the calculated shoreline cannot reach to the real positions. 
 
2. The calculated shoreline using seasonal or monthly depth of closure has good 
agreement with the measurements. In which, the seasonal variation of 
shoreline position, especially the beach recovery process, is also well 




How to estimate depth of closure varying seasonally and monthly is presented in Chapter 
5, and then the necessary in applying these approaches has been proven in Chapters 6 and 
7. Next chapter (final chapter) will present the overall conclusions and recommendations 


















The reasonable determination of seaward limit depth of sediment movement called 
the depth of closure, especially its seasonal variation, is obviously an important approach 
to improve the capability of predicting coastal morphology change. In order to 
demonstrate this argument, a study area in which the shoreline response to seasonal 
waves should be the most important feature; therefore, Nha Trang Coast, which 
immensely influenced by tropical monsoon climate, is taken to be a case study and its 
morphological change has been analyzed and discussed in this study. The following 
overall conclusions have been drawn. 
 Interpretation of over 3.5-year time series of the fifteen-minute time-averaged 
images permits to distinguish the retreat and the advance of shoreline which 
appear to be especially sensitive to the seasonal variation of wave 
characteristics. In the northeast monsoon season, the southward high waves 
resulting the wider surf zone have caused the retreat of shoreline in the north 
and the southern deposition. Conversely, in the non-monsoon season, the 
northward waves are comparatively calm and the surf zone is thus narrow-
width. As a result, the beach morphology tends to be recovered in the north 
area in response to the shoreline retreat in the south area. Besides, the 
temporal and spatial eigenfunctions of the first EOF component (with 89% of 
contribution rate) reflect that the processes on Nha Trang Coast causing the 
seasonal evolution of morphology are alongshore dominated, and it 
corresponds to the changes of wave direction in each monsoon period. 
Moreover, most of the seasonal shoreline variability can be reasonably 
reproduced by the first component.  
 Due to effect of seasonal waves, the application of seasonal wave 
characteristics for identifying the depth of closure is explained. At first, in case 
without seasonal change as an ordinary method, a significant wave height with 
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a probability of exceedance of 0.137% is examined, and hence the separation 
of wave conditions representing the period of non-monsoon has not been 
neglected in this stage. Its value is overestimated during the calm wave period, 
resulting the overestimation depth of closure in this period. Therefore, the 
further approach has been developed. In case with seasonal change, the 
significant wave height according to each monsoon season has been 
investigated. The significant wave height for the northeast monsoon season is 
slightly different with that in case without seasonal change. On the contrary, in 
case of the non-monsoon season, the distinct difference is there because the 
calm waves from east-southeast have been collected by removing the high 
northeast monsoon waves for investigation.   
 In addition, the applicability of the surf zone width for estimating the depth of 
closure is tested and confirmed that it can be a reasonable applicability. The 
surf zone width is one of the basic results extracted from the camera images.    
 Because of the periodical shoreline response to seasonal waves, a considerable 
seasonal variability of longshore sand transport is obviously on Nha Trang 
Coast, with beach erosion in relation to the southward sediment transport 
mainly during the period of strong northeast monsoon waves and deposition 
relating to the northward sediment movement occurring during the calmer 
weather in the non-monsoon period. The comparison for the rates of longshore 
sediment transport shows that its quantities in the non-monsoon period are 
overestimated by using a constant value of the depth of closure. The depth of 
closure varying seasonally and monthly are more effective variables for 
predicting the quantity and direction of net LST with deposited beach 
condition in the southern coast.  
 In order to test the predictive capability of morphological change in each case 
of the depth of closure, a numerical modeling for shoreline change is 
conducted. The calculated shoreline in the 4-year simulation is compared to 
the measured shoreline, which is extracted continuously based on a 40-month 
time series of camera image data. The calculated shorelines using seasonal or 
monthly Dc have good agreements with the measured shoreline. Especially, 
the seasonal variation of shoreline position as well as the beach recovery 




 This study leads to the following recommendations. 
 This study contributes to demonstrate the efficiency of the video-camera 
monitoring system, which not only permits to extract the continuous shoreline 
change but also allows investigating the surf zone characteristics and 
predicting its width. Furthermore, due to the continuous extracting data, the 
relationship between morphological change, waves, winds and other factors 
can be described clearly.  
 The introduced formula for estimating the depth of closure as a function of the 
width of surf zone, Eqs. (5.5) and (5.6), would be useful to apply in other 
coastal areas. 
 An ordinary method to obtain the single depth of closure only based on the 
0.137% largest waves of the entire period is merely appropriate if the 
fluctuations of wave characteristics in the entire period are not obvious with 
seasonal and monthly trends every year. 
 The proposed approach to determine the depth of closure corresponding to 
each monsoon wave condition could be easily applied in engineering. At least, 
this approach is obviously necessary to apply in the coastal areas, which have 
similar characteristics (e.g., the seasonal beach bounded by two groins or 
headlands). In addition, it could also be useful to improve the capability of 
predicting shoreline change in a groin field in either single or multiple wave 
directions; therefore, further test on the numerical simulation of shoreline 
change (e.g., a hypothetical case) for the condition of this area is highly 
necessary.  
 Because the results obtained based on seasonal and monthly Dc is slightly 
different, the application of seasonal values could be enough to apply in 
engineering and its determination would be easier when a set of complete data 
is not always available.  
 The reason for the limited success of the proposed approach in determination 
of depth of closure varying seasonally and monthly could be that comparisons 
between the predicted depths based on seasonal wave conditions and the 
measured depths has not been conducted in this study due to lack of the 
measured data, especially in the developing countries as Vietnam the 
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consecutive bathymetry data is not available completely. In other words, 
empirical equation/formula which is the most reliable one for predicting the 
depth of closure still poses a question for the engineers and researchers. 
Consequently, in order to improve more quantitative information, further field 
data on beach profile evolution should preferably be collected.   
 Some existing studies present that it is possible to investigate the longshore 
variability of depth of closure. Therefore, temporal variation (seasonal or 
monthly) of the longshore variation of depth of closure should also be 
considered. 
 In addition, because the information related to the river mouth (e.g., river 
discharge) in the study area is missing as well as the disappearance of river 
mouth sandspit that was considered as the insufficient sediment supply to the 
coastal area, the scope of the present investigation did not allow for adding the 
features of this river mouth in the calculation process. However, for further 
development, it is necessary to improve that by investigating the sediment 
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